Design of micro carrier assisted coagulation flocculation process for the treatment of Windsor CSOs. by Zhu, Wangbing
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
2004 
Design of micro carrier assisted coagulation flocculation process 
for the treatment of Windsor CSOs. 
Wangbing Zhu 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Zhu, Wangbing, "Design of micro carrier assisted coagulation flocculation process for the treatment of 
Windsor CSOs." (2004). Electronic Theses and Dissertations. 1664. 
https://scholar.uwindsor.ca/etd/1664 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 
Design of Micro Carrier Assisted 
Coagulation Flocculation Process for 




Submitted to the Faculty of Graduate Studies and Research 
through Civil and Environmental Engineering in Partial Fulfillment o f the 
Requirements for the Degree of Master of Applied Science at the
University of Windsor
Windsor, Ontario, Canada 
2004
© 2004 WANGBING ZHU






395 Wellington Street 






395, rue Wellington 
Ottawa ON K1A 0N4 
Canada
Your file Votre reference 
ISBN: 0-612-92461-0 
Our file Notre reference 
ISBN: 0-612-92461-0
The author has granted a non­
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats.
The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.
L'auteur a accorde une licence non 
exclusive permettant a la 
Bibliotheque nationale du Canada de 
reproduire, preter, distribuer ou 
vendre des copies de cette these sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
electronique.
L'auteur conserve la propriete du 
droit d'auteur qui protege cette these. 
Ni la these ni des extraits substantiels 
de celle-ci ne doivent etre imprimes 
ou aturement reproduits sans son 
autorisation.
In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this dissertation.
Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de ce manuscrit.
While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
dissertation.
Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.
Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
The present study designed a coagulation-flocculation process for the treatment of 
wet weather flows and combined sewer overflows using a modified jar test and examined 
the effect of addition of micro carrier (MC) on the designed process performance. 
Aluminum sulfate was selected as the primary coagulant and an anionic polymer was 
used as a coagulant aid. Bench-scale studies revealed that rapid mixing with alum for at 
least 30 sec at a G value of 246 s'̂  in the polymer-aided system followed by slow mixing 
for 1 min at a G value of 62 s'* was adequate and effective for the alum coagulation. The 
time of the polymer addition was established at 40 sec after adding alum during 1 min 
rapid mixing. The alum dosage of 14.6 mg Ap^/L combined with 1.5 mg/L polymer 
dosage was the most effective in terms of the turbidity and SS removal. With this dosage 
combination, SS and turbidity removal efficiencies in excess of 95% were achieved after 
settling for 8 min as compared to less than 80% removal obtained by using alum alone. 
Upon the addition of MC, the settling time was significantly reduced from 8 min to 1 min 
with an equivalent removal efficiency of 95%. The MC concentration large than 3 g/L 
was the most effective in enhancing the settling ability of suspended solids. There were 
no significant differences found in terms of the improvement of the settling ability among 
the size fractions of the used MC in the present study. The performance of adding MC 
with the coagulant aid was the same as adding MC with alum in terms of turbidity 
removal. Results show that the primary coagulant dosage could be reduced due to the 
addition of polymer with an equivalent removal efficiency.
Ill
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1 Introduction
1.1 Background
Combined sewer systems are designed to collected sanitary sewage, industrial and 
commercial wastewater, and storm water runoff in a single pipe system to a municipal 
wastewater treatment plant (WWTP). During dry weather, all flows, which are primarily 
composed of sanitary sewage and industrial/commercial wastewater, are conveyed to the 
WWTP for treatment. However, during or following a rainfall event, the total wastewater 
flows can exceed the capacity of sewers or the treatment facility. Under these conditions, 
excess flows, called wet weather overflows or combined sewer overflows (CSOs), are 
generated to carry the combined loads of sanitary and storm wastewater, which are then 
generally discharged directly to receiving water bodies such as lakes, rivers, estuaries and 
coastal waters. Its potential pollution is a complex problem involving site-specific 
variability in types of systems, volume, frequency, and other on-site characteristics 
(Gupta and Saul 1996; Fleming and Slack 2001).
Combined sewer systems are remnants of a country’s early municipal infrastructure 
and so are typically found in old communities. Currently, USEPA national inventory 
statistic show combined sewer systems serve roughly 950 communities with about 40 
million people. Most of these combined sewer systems concentrated around the Great 
Lakes area. It is estimated that at least 40,000 CSO events per year occur from sewage 
collection systems (USEPA 1998). The National Water Quality Inventory reported that 
through investigation of the approximately 40 percent of survey U. S. water bodies, CSOs 
caused much of them impaired by pollution and make them fail to meet water quality 
standards as a drinking water resource (Fleming and Slack 2001). Wet weather flows or
1
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combined sewer overflows (CSOs), are the last significant uncontrolled source of 
pollution to our receiving waters (Heaney et al. 1999). CSOs have been identified as a 
major souree of eontamination in the Great Lakes ecosystem for many years and are 
considered as major problems in Hamilton Harbour and the Metropolitan Toronto 
Waterfront (Schmidt et al. 1997). Studies in Boston Harbor show that CSO represent a 
potentially significant source of contaminants to urban estuaries (Eganhouse and 
Sherblom 2001). Although CSO potential pollution had been proposed by Wardle, a 
German engineer as earlier as in 1893 (Geiger 1998), overflows from combined sewer 
systems have been recognized recently as difficult problems requiring a solution, 
especially for many older cities in the U. S.
Potential pollutants carried from urban catchments by drainage systems during wet 
weather could originate from many sources, e.g., commercial, industrial, and residential 
parking areas; roadways; automobile service stations; sewer infiltration from leaking 
underground storage tanks; accidents and spills; park and residential lawns; construction 
sites; and active and inactive industrial sites. Significant quantities of contaminants such 
as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 
pesticides, soluble phosphorous, and other organic chemicals (benzene, PCB) were found 
within urban catchments, whieh can end up in eombined sewer system (Lannuzzi et al. 
1997; Vignoles and Herremans 1996; Rochfort et al. 2000). Further, heavy metals, such 
as As, Cd, Cr, Hg, Zn, Cu, were reported to be found in CSOs (USEPA 1999).
In wet weather overflows or CSOs, a significant amount of organic and inorganic 
pollutants is associated with suspended particles, especially those smaller than 50 pm 
(Chebbo et al. 1990). Roger (1998) reported that most of the metallic contaminants are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
associated with these suspended particles in highway runoff. SS eoneentration in CSOs is 
strongly correlated and increased with inereasing rainfall in the Boston Harbor 
(Eganhouse and Sherblom 2001). SS loading that is originally from the sewer deposit is a 
very important souree of organie matter. During storm washout via wet weather flows, 
the particles are heavily coneentrated in terms of organie contaminants (Chebbo et al. 
2003). Studies eonducted in Germany and Paris showed that the increased flows may be 
capable of re-suspending material, whieh deposited previously during dry weather flow 
periods. Thus, the re-suspending material together with washed-off eontaminants washout 
via CSOs results in high eontaminant concentrations (Gromaire et al. 2001). Mass balance 
calculations over 30 rainfall events within CSSs done by Gromaire et al. (2001) in Franee 
showed that 30 - 80% of the mass of SS, VSS, COD, and BOD originated from in-sewer 
sources. Schmidt et al. (1997) reported that 30% removal of BOD could be achieved 
when approximately 50% of the suspended solids are removed from CSOs. LaFontaine, 
Cowie, Buratto and Associates Limited (1994) reported that wet weather flows or CSOs 
in the Windsor region contribute a significant source of pollution to the Detroit River. It 
was estimated that though CSOs account for less than 5% of the total flow volume 
discharge, they eontribute about 27% of the total solids and 14% of the total BOD to the 
Detroit River annually. In the Boston Harbor, approximately >70% of SS and >90% of 
the particle organic carbon, hydrocarbons and trace organics are discharged during wet 
weather in CSOs. Furthermore, significant fraction of hydrophobic organic contaminants 
(>80 -  90%) are associated with suspended particulate matter, whereas this fraction is 
only as much as 40% during dry weather (Eganhouse and Sherblom 2001).
Wet weather flows or CSOs represent threats to public health and the environment 
because CSOs eontain a significant source of untreated pollutants discharged by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
commercial and industrial establishments and a significant storm water component that 
includes pollutants from urban and rural runoff (Fleming and Slack 2001; Geiger 1998). 
Proper management of wet weather flows or CSOs is one of the primary environmental 
tasks. In the recent decade, many jurisdictions have implemented regulations to address 
their CSC concerns. In the U.S., congress had made several changes to the Clean Water 
Act (CWA) regarding combined sewer overflows (CSOs), known as the “Wet Weather 
Water Quality Act of 2000” or “2000 Amendments to the Clean Water Act” (CWA), 
which was subject to National Pollutant Discharge Elimination System (NPDES) permit 
requirements. In Ontario, Canada, the Ontario Ministry of the Environment (MOE) issued 
formal guidelines for CSO treatment: Guidelines F-5-5. The document stipulates that at 
least 90% of wet weather flow need to be treated to primary treatment equivalency (a 
seasonal average of at least 50% SS removal and 30% BOD5 removal). Furthermore, a 
seasonal average concentration of suspended solids in the treated effluent should not 
exceed 90 mg/L. Currently CSOs are not subject to the secondary treatment requirements 
being applicable to WWTP.
Since large amounts of pollutants presented in CSOs during wet weather are
associated with suspended particles, a number of CSO mitigation and control
technologies has been addressed to deal with the frequency of CSO events and the
volume of wet weather flows such as separation of storm and sanitary sewers, storage of 
wet weather flows using storage tanks, or new sewer construction in conjunction with the 
modification or enlargement of sewage treatment plants to accept great flows. 
Unfortunately, these options are not always feasible and eannot eope with all storms. One 
practical approach towards addressing suspended particles without major capital 
investment, the physieal-ehemically conditioned sedimentation process, could be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
effectively useful for the treatment of CSOs. The process based on the addition of organic 
or inorganic chemicals to promote coagulation-flocculation reaction, which was originally 
designed for primary water and wastewater treatment, recently was proposed for CSO 
treatment. In Toronto, a cationic polymer has been used in a high rate vortex separation 
process, which achieved at least 50% SS removal at surface loads up to approximately 40 
m/hr (Averill et al. 1997). Results of recently completed settling column tests showed that 
using organic polymer could significantly improve the settling characteristics and provide 
a better solid/liquid separation in the settling process for the treatment of CSOs (Li et al. 
2003; Schmidt et al. 1997).
In recent years, potential of a modified coagulation process with solids removal 
efficiencies in a range of 90 -  95% was demonstrated in the preliminary bench-scale jar 
test using silica sand as micro carrier (USEPA 1999). Micro carrier was used to accelerate 
chemically conditioned floe settling velocity. The process consists of the addition of a 
coagulant, coagulant aid (usually adding polymer) and MC. The jar test results showed 
that the efficiency of the conventional reaction was significantly improved by the positive 
assistance of the MC and polymer. Because of the addition of MC and polymer, the 
process can generate the enlarged floes and enhance inter-particle bridging and/or 
adsorption ability (De Dianous and Demaucourt 1991; Young et al. 2000; Fan et al. 1999; 
Young and Edwards 2003), and thus result in increase in settling velocity. Considering 
the difference and modification between conventional coagulation and MC assisted 
coagulation-flocculation process, the existing bench-scale jar test procedures may need to 
be modified for the treatment of CSOs. Although the use of polymers as coagulant aid 
and addition of MC offers many advantages, it has recently gained popularity in 
wastewater treatment. Thus, little work has been done to develop specific operating
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conditions and fundamental process design using polymer as eoagulant aids and MC for 
the treatment of CSOs. Therefore, it is necessary to study and develop a coagulation- 
flocculation process for the treatment of CSOs.
1.2 Objective
The objectives of this study were to 1) design a coagulation-flocculation process for 
the treatment of Windsor CSOs by using the modified jar test apparatus and procedure; 
2) evaluate the effect of the addition of micro carrier (MC) on the process performanee 
and the chemically conditioned floes settleability.
The results obtained in bench-scale experiments will be used to establish the 
eonditions for the further on-site CSOs study in the City of Windsor, Ontario, Canada.
1.3 Scope
The scope of the study includes the following aspects:
1) Compare the performance of the organic/inorganic coagulants and select the 
primary coagulant using a modified jar test procedure.
2) Evaluate and establish the operating conditions (e.g. rapid time and slow 
mix time) and the dosages of the eoagulant and the eoagulant aid for the 
coagulation-flocculation process.
3) Evaluate the effect of MC addition on the improvement of the coagulation- 
flocculation process performanee. Specifically, evaluate the effect of MC 
concentration, MC size and timing addition of MC on the chemically 
conditioned floes settleability and removal efficiency of suspended solids.
4) Further evaluate the performance of a variety of the coagulant/coagulant aid 
combinations.
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2 Literature Review
2.1 Characteristics of CSOs
A thorough understanding of the characteristics of the problem is essential before a
solution can be developed. Storm water runoff in urban area contains high concentration 
of pollutants such as pesticides, fertilizes, oils and grease etc. CSOs in urban areas not 
only contain this storm water runoff but also include imtreated human and industrial 
wastes. CSOs can therefore cause beach closings, shellfishing restrictions and other water 
body impairments (Fleming and Slack 2001).
2.1.1 Contaminants
Past studies have shown that wet weather flows or CSOs contains significant 
quantities of toxic substances. A number of the hazardous priority pollutants have been 
identified (Vignoles and Herremans 1996; Lannuzzi et al. 1997; Rochfort et al. 2000; 
Forster 1996). Source characteristics include not only runoff, untreated human and 
industrial waste, but also toxic materials and debris. Many toxic components are found in 
storm-induced CSO discharges such as toxic organic chemicals (benzene, PCB), heavy 
metals (As, Cd, Cr, Hg, Zn, Cu), polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated biphenyls (PCBs), pesticides, and soluble phosphorous (Vignoles and 
Herremans 1996; Lannuzzi et al. 1997). During wet weather, more than one order of 
magnitude of the particulate PCB concentrations is increased in CSOs, as compared with 
that during dry weather (Eganhouse and Sherblom 2001). In a recent comprehensive 
study conducted by Bannerman et al. (1996), several pollutants as potential problems in 
Wisconsin, including lead, zinc, copper, silver, cadmium, PAHs, DDT, atrazine, and SS
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were indicated to characterize the quality of urban runoff, which ended up in CSSs. On 
the other hand, as one of the main CSOs source, runoff from urban areas contains high 
densities of microorganisms and high levels of bacterial indicators of fecal contamination 
(Olivieri et al. 1977; Qureshi 1977; Ellis and Yu 1995).
An imderstanding of the potential sources of pollutants is also of primary 
importance. The sedimentation within CSSs, which previously settled down in dry 
weather flow, may be capable of re-suspending and being washed out via CSOs during 
the wet weather period. This was known to be important to contribute large sources of 
organic matter and have high polluting potential (Metcalf and Eddy 2003). Results 
indicated that metals and PAHs concentrations are relatively high in sediments of CSSs 
(Rochfort et al. 2000). A study conducted in a German urban area and in Paris showed 
that sediments have high polluting potential during wet weather washout via CSOs 
(Gromaire et al. 2001).
In CSOs, large amounts of the contaminants are associated with the solid particles, 
especially those finer than 50 pm (Chebbo et al. 1990). Metallie constituents are typically 
in the form of smaller particles in the highway runoff (source of CSOs) (Roger et al. 
1998). According to USEPA (1999), significant amounts of toxic pollutants in wet 
weather flow are associated with smaller particles including organic chemicals and heavy 
metals. Metals distribution within the associated particles size is shown in Table 2-1 
(USEPA 1999). Furthermore, many heavy metals can react with natural substances in 
waters to create organic complexes with a higher toxic effect than that of the pure metal 
(Davies et al. 1976).
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Table 2-1. Metal distribution versus particle size (from USEPA 1999).
Suspended solids size 
pm
Metal distribution %
Cd Co Cr Cu Mn Ni Pb Zn
<10 46 60 71 63 71 63 73 60
10 -1 0 0 36 31 24 30 21 29 23 35
>100 18 9 5 7 8 8 4 5
Overflows discharged from combined sewers contain a variety of substantial 
pollutants including pathogenic microorganisms, virus, cysts, chemicals and floatable 
materials (Fleming and Slack 2001). However, it is difficult to accurately characterize 
CSOs due to the site-specific pollutant sources that must be considered and the suite of 
pollutants that can enter into CSSs as a part of runoff.
2.1.2 Pollution Parameters
In terms of quality characteristics, wastewater from CSSs usually contains more 
inorganic matter than wastewater from sanitary collection systems because of the large 
quantities of storm drainage that enter CSSs (Metcalf and Eddy 2003). General 
characteristics of CSOs as compared to sanitary wastewater and storm water discharges 
are summarized and shown in Table 2-2 (Metcalf and Eddy 2003).
Table 2-2. Wastewater characteristic comparison (from Metcalf and Eddy 2003)
Range o f parameter concentrations




Suspended solids, SS mg/L 270 - 550 120 - 370 67-1 0 1
Biochemical oxygen demand, BOD mg/L 60 - 220 120 -380 8 -1 0
Chemical oxygen demand, COD mg/L 260 -480 260 - 900 4 0 -7 3
Fecal coliform bacteria */100ml lOU lO'* lOU 1q6 lOU 10’
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Table 2-2 shows that prohlem constituents in wet weather flows or CSOs include 
not only toxicants (see section 2.1.1), hut also SS, pathogenic microorganisms, oxygen- 
demanding materials. The BOD concentration in CSOs is approximately half that of 
sanitary wastewater. However, these discharges may have a greater impact because they 
occur over a short time period and can shock load the receiving water with high BOD 
mass loadings. Generally, the quality characteristic of CSOs is closer to the sanitary 
wastewater than to the storm water runoff (Metcalf and Eddy 2003). Comparing to SS 
concentration in storm water runoff, CSOs can contain four times as much SS while 
sanitary wastewater contains approximately two times as much SS concentration. The 
study indicated that SS in CSOs contains approximately half of the 129 priority pollutants 
(Field 1990).
More recently, characteristics of the CSO generated in Toronto, Canada, were 
extensively examined (Schmidt et al. 1997; Averill et al. 1997). In their studies, twenty- 
five CSO events in 1994 and forty-six CSO events in 1995 were monitored. The 
characteristics of the CSOs are reproduced in Table 2-3. Maximum concentration 
observed is as high as 882 mg/L for COD and 1056 mg/L for SS. Similarly, the mean SS 
concentration is approximately three - four folds higher than BOD on average. Data from 
a Windsor CSO study (University of Windsor 2002) show that the average initial SS 
concentration in wet weather sewage and CSO is approximately 303 mg/L. LaFontaine, 
Cowie, Buratto and Associates Limited (1994) reported that CSOs in the City of Windsor 
contribute 27% of the total annual solids load and 14% of the total armual BOD to the 
Detroit River. This illustrates that SS and its associated pollutants are more of a concern 
in CSOs as compared to BOD and COD. Therefore, the key for the treatment of CSO is to 
develop and utilize an approach to efficiently remove its high SS concentration.
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Table 2-3. Statistic characteristics of observed CSO events (from Schmidt et al. 1997)
Year 1994 Year 1995
Min Max Avg. Min Max Avg.
Flow (mVs) 0.02 0.63 0.25 0.07 2.16 0.45
SS (mg/L) 103 1056 326 73 966 361
BOD (mg/L) 13 192 88 6 366 96
COD (mg/L) 161 882 367 43 720 304
Total P (mg/L) 0.94 2.62 1.88 0,48 5.84 2.79
2.1.3 Settling Characteristics of Suspended Solids
The suspended solids in CSOs have been observed to have a higher settling velocity 
than the dry weather and storm water flow (Pisano et al. 1996; Averill et al. 1996; Li et al. 
2003). The results (Pisano et al. 1996) show that the settling velocity geometric of CSOs 
is 0.2 cm/s as compared to 0.05 cm/s for dry weather flow and 0.01 cm/s for storm water 
on average. The wet weather flows are more readily treated in terms of SS removal than 
dry weather flow. Based on the result of the column settling test, the mean settling rate 
distribution curves indicated that approximately 35% of wet weather suspended solids 
were non-settleable at a surface loading rate of 0.3 m/hr as compared to 45% for dry 
weather suspended solids (Averill et al. 1996). Further, the results of the column settling 
tests on Windsor CSO treatability study showed that about 60% of suspended solids in 
CSOs were settleable as compared to 50% of wet weather suspended solids at a typical 
primary surface loading rate of 2 m/hr (Li et al. 2003).
2.2 CSOs Treatment Technologies
There are three types of wet weather flows discharges: combined sewer overflows 
(CSOs), sanitary sewer overflows (SSOs), and storm water discharges. All three are 
untreated discharges generated by storms. However, CSOs not only contain containments
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presented in storm water but also include human and industrial waste from sanitary flows, 
and thus generate a substantial amoimt of chemical, physical and biological stress in 
receiving waters (Schmidt et al. 1997). Recently, CSOs are therefore the greatest concern 
amongst the three.
Combined sewer systems and their pertinent treatment technologies have a long 
history. The use of plarmed sewer systems to transport wastewater from an urban area to a 
receiving stream is thought to date back to the time people began to gather and live in 
cities. The earliest sample is that the Indus civilization of circa 3000 B.C. presented a 
sewage system well advanced of their time. Evidence exists that the dwellers of the city 
of Mohenjo-Daro (now West Pakistan) used small storage facilities with overflows and 
sanitary sewer systems to remove storm water from the streets (Geiger 1998).
Since the 19th century, combined sewage systems have been widely constructed in 
the growing cities, which were the usual method of removing wastes from urban areas. It 
is reported that nearly all middle-size to large cities in Germany got a combined sewer 
system at that time (Brombach 2000). Typically sewage and storm water were simply 
discharged into a stream or river, which were assumed to have a sufficient capacity to 
dilute the waste. The sewage systems would be designed such that the maximum amount 
the receiving system could dilute would be discharged (Adeney 1928). At that time, the 
dilution strategy completely ignored any unseen impacts imparted on a receiving water 
system. Although, the initial runoff of the storm water, which was loaded with organic 
matter similar to that in sanitary sewer flows, has been recognized as early as in 1893 by a 
Germany engineer, Wardle. He suggested that CSOs should be treated based on the ratio 
of CSO and receiving water discharges (Geiger 1998). However, the treatment 
technology for CSOs has not been well developed.
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Conventional CSO treatment technology being operated in the U.S. entailed 
sending much of the mixture flows to treatment plants by a way of the intercepting sewer 
with the remainder being overflowed directly to the receiving water system. Treatment 
plants were typically designed to treat twice or more the dry weather flow (Whipple 1906 
as cited in Burian et al. 1999). Even though CSSs were designed to handle up to five 
times dry weather flow in some European countries, flows were observed to increase in 
sewer systems by a factor of one hundred over dry weather flows on occasion during wet 
weather (Brombach 2000). Occurrences such as this could not be designed economically, 
thus combined sewage flows greater than the design capacity would result in frequent 
overflows. Consequently, the receiving water pollution was becoming more and more of a 
concern. The conventional treatment technologies and processes are inefficient because of 
the high volume of flow over a short period of time.
After the 1960s, serious pollution problems in rivers and lakes, for example, 
eutrophication, led authorities to launch a number of regulations for CSOs control. Since 
the 1980s, the treatment for CSO in the U.S. has been addressed as part of wet weather 
management strategies. The EPA published its control strategy for combined sewer 
overflows (CSO) in 1989 (Burian et al. 1999). The goal was to bring all CSO discharges 
within compliemce of the teehnology-based standards promulgated in the Clean Water 
Act. In Canada, the Ontario Ministry of Environment had supplemented Procedure F-5-5 
to Guideline F-5 for the CSOs management and control. All of these will increase the 
demand for CSO treatment technologies.
The frequency of CSO events and the volume of wastewater discharged may be 
minimized by separation of storm and sanitary sewers and/or by the construction of new 
collector sewers, in conjunction with modification or enlargement of the major sewage
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treatment plant(s) to accept greater flows. This involves changing the function of certain 
components of WWTPs to accept higher flow rates (Nielsen et al. 1996). However, these 
expensive options are not always feasible and carmot cope with all storms. Recently, there 
are some other samples and inexpensive technologies that can be employed to increase 
efficiency and reduce costs of an existing WWTP. In general, these treatment 
technologies belong to four general groups detailed as followings.
Disinfection: High-rate disinfection processes are used at a WWTP to kill 
pathogens. Because bacteria control through disinfection is a common goal of CSO 
control strategies, several technologies, including chlorination, ozonization, and 
ultraviolet irradiation (UV) techniques are available today.
Biological technologies: Another control technology has been studied as using the 
biological treatment process, including rotating biological contactors (Welch and Stucky 
1974), contact stabilization, trickling filters (Homack 1973; Parks 1974) and treatment 
lagoons (Connick 1981). Due to the random and intermittent nature, CSOs are a difficult 
waste stream to be treated, especially with biological methods that require a specific 
range of conditions to be maintained.
Satellite facilities: High-rate treatment facilities at overflow locations may be a
practical, economical alternative to the construction of new sewers and storage facilities
(Schmidt et al. 1997). The treatment process with a satellite plant can be activated during
wet weather and inactive when not need. In a feasibility study in Metropolitan Toronto,
satellite treatment systems were concluded to be significantly more cost effective than
other options (Schmidt et al. 1997). Satellite facilities also protect the WWTP from
sudden flow increases. For CSO application, satellite treatment facilities have been
conceived as physical/chemical treatment processes, which can be designed to produce a
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
wide range of effluent qualities, using a variety of unit operations. Satellite treatment 
plants would be expected to consist primarily of solid/liquid separation operations and 
have no significant removal capacity for dissolved pollutants. There are several satellite 
type technologies being utilized.
1) Mesh screening and filtration: Continuous deflection separation (CDS) was 
developed recently (Field 1990). It utilizes a filtration mechanism for solids separation. 
Solids separation is enhanced by a large expanded stainless-steel plate which acts as a 
filter screen with an outer volume outlet passage. The screening of wet weather flows 
proved effective at reducing the suspended solids loading and loading of pollutants 
associated with suspended solids (Cornell et al. 1970). The filtration technique, using 
different media types and arrangements, was shown to be a viable option for the treatment 
of CSOs. Dual media high rate filtration was found to be effective in reducing the 
suspended solids and heavy metal concentrations in wet weather flows (Field 1990).
2) Vortex separator: Another type of CSOs treatment technique, such as swirl and
vortex separators, has been used successfully for the treatment of CSOs in the U.S.,
Canada, and Europe (Field and O'Connor 1996). This technology has been developed and
implemented in the 1970s and 1980s. Three different designs from the United States,
Germany and the United Kingdom have been used. The device is a compact solids
separation unit with no moving parts. It is a physical treatment process involved in the
application of swirl and vortex technologies. The particle separation process is based on
water velocity movement in a swirling action around the separator. Flow currents move
the particles toward the vortex, gravity pulls particles down, and then a sweeping action
moves heavier particles across the sloping floor toward the central drain. Therefore, the
device is favourable to be operated under extremely heavy flow loading regimes which
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are featured by random CSO events. In Canada, the earlier CSO studies were conducted 
by CH2M Hill Engineering Limited in 1992. Subsequently, vortex separator technology 
was examined in the pilot-scale plant in the City of Scarborough, the Mxmicipality of 
Metropolitan Toronto in 1994 (Schmidt et al. 1997). Results obtained during the middle 
of CSOs operating season have indicated that vortex separation process can produce a 
desired effluent quality at very high surface loads as a compact treatment system (Averill 
et al. 1997). Recently, the City of Niagara Falls, Ontario, has been considering the use of 
the vortex separator as a satellite treatment device to control its CSOs.
3) Storage tank: Wet weather flows or CSOs may also be stored within the existing 
sewer system where capacity exists, or stored in new tanks or tunnels, for subsequent 
treatment. The development of an online and offline storage tank technology has been a 
prevailing CSO abatement measurement. The earliest technology dates back to 1913 
when Mannes developed the first offline settling/storage tank technology for CSO 
treatment (Geiger 1998). In Germany around 31,000 CSO storage tanks are in operation 
in combined sewer systems (Brombach 2000). A pilot-scale retention treatment basin 
(RTB), which was originally applied in Germany and England, has being studied to 
examine the performance under various CSO loading rates in the U.S. and Canada 
(Hydromantis Inc 2002).
Sedimentation: Because CSO events happen randomly and are featured by a short 
time period and higher volume of flow, CSO control technology, consequently, has to be 
designed to be able to start-up and shut-down rapidly, resist shock loads, and consistently 
produce a high suspended solid removal efficiency. Units have to be compact and thus 
reduce space requirements because of seasonal operation. One of the approaches, a
physical-chemical sedimentation process is particular suitable to fill the requirements.
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With the same removal efficiency, hydraulic loadings rates in high rate sedimentation
processes are much higher than the conventional process due to the enhanced settling of
the suspended solids through chemical addition or using a combination of chemical and
ballasting agent (micro carrier) addition. These high rate sedimentation processes are
therefore very attractive for CSO treatment due to their ability to handle higher loading
rates, which in turn can reduce overall cost for treating intermittent high flows expected
during CSO events (Metcalf and Eddy 2003). In recent years, the process, originally
designed for drinking water treatment, was recently being tested for treating wastewater
(Reynolds and Richards 1999; Degremont 1998; Metcalf and Eddy 2003; USEPA 1999).
The Microsep® and the Actiflo® are two commercially available systems that use
recycled micro silica sand as MC, while DensaDeg® recycles its sludge (USEPA 1999).
The Sirofloc® uses magnetite (Fe304) as a ballasting agent/MC (Booker et al. 1996).
However, the concept of the addition of MC has not yet been subject to extended
experimental studies in the treatment of wet weather flows and CSOs. The process
represents a relatively new technology that shows promise of bringing improvements to
the field of wastewater treatment. Because of increase in the size and density of particles
by using micro carrier (usually silica sand or dense-sludge) and a polymer, chemically
conditioned floes settle at a fast settling velocity. The use of micro carrier makes the floes
endure the mix velocity gradient (G value) as high as 700 s'* without breakage (Young
and Edwards, 2003; Young et al. 2000). Researches proposed that the process is one of
the most effective methods to address the removal of SS, most heavy metals and
associated organic pollutants at high flows in wet weather flows and CSOs (USEPA 1999;
Desjardins 2002; Young and Edwards 2003; Plum et al. (1998). However, operational
conditions employed in the process performance are either adopted from the previous
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coagulant system or lack sufficient evaluation. Henee, it is necessary to study and develop 
a process that can maximize the coagulation-flocculation performance in conjunction with 
MC to treat CSOs.
2.3 Coagulation-Flocculation Process
In municipal wastewater, colloidal suspended solids typically have a net negative 
surface charge (Metcalf and Eddy 2003). The attractive body forces between particles are 
considerably less than the repelling forces of the electrical charge. Therefore, under such 
stable conditions the forces not only prevent particles from coming together, but also 
retard settlement. Brownian motion keeps the particles in constant motion (Metcalf and 
Eddy 2003). The addition of chemicals can break the stability of aqueous suspension by 
bringing dispersed particles together and increasing the effective particle size of the solid 
phase. This is referred to as chemical coagulation-flocculation process, which has long 
been applied in the water and wastewater treatment industry. The purpose of chemical 
coagulation-flocculation in water and wastewater treatment is to destabilize colloidal 
suspended solids such that the particles contact and agglomerate to form floes that drop 
out of solution by settling or sedimentation. Although in chemistry the term coagulation 
means destabilization of a colloidal dispersion by suppressing the double layer, and 
flocculation refers to aggregation of the particles, engineers have not traditionally 
restricted the use of these terms to describe the chemical mechanism only (Hammer 1986). 
More frequently, coagulation and flocculation are associated with the physical process 
used in chemical treatment. Mixing, involving violent agitation and commonly referred to 
as rapid mixing, is used to dissolve and disperse coagulant chemicals throughout the 
water being treated. Flocculation, with mixing commonly referred to as slow mixing, is
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the process following chemical dispersion during which the destabilized particles form 
into well-developed readily settleable floes (Hammer 1986).
2.3.1 General Mechanism
The mechanism of coagulation-flocculation has been studied extensively and many 
good references are available (Hundt and O’Melia 1988; O’Melia and Tiller 1993; Faust 
and Aly 1983; Dempsey 1994; Young et al. 2000). But in order to better understand the 
principle which was applied in the present study, the briefly introduction of the 
mechanism is necessary.
In general, coagulation and flocculation is a type of physical chemical 
destabilization reaction. The destabilization can bring about by the addition of chemicals 
(e. g. polyelectrolytes) that act as counterions to neutralize or lower the charge of the 
wastewater particles (Metcalf and Eddy 2003). To effect charge neutralization, the 
polyelectrolytes must be adsorbed to the particle. Therefore, the mixing is a necessary 
approach and the mixing intensity must be sufficient to bring about the adsorption of 
polyelectrolytes onto the colloidal suspended particles. The second mode of action of 
polyelectrolytes is inter-particle bridging. A bridge is formed when two or more particles 
become adsorbed, and then bridging particles become intertwined with other bridged 
particles during the flocculation process. The size of the resulting three-dimensional 
particles (called floes) grows until they can settle easily. In turn, as they settle, they sweep 
through the water eontaining colloidal suspended particles. The colloidal suspended 
particles that become enmeshed in the floes will thus be removed from the wastewater 
(Metcalf and Eddy 2003).
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According to the mechanisms of chemical reaction described above, the process of 
the particle destabilization may be divided into two categories: coagulation and 
flocculation. Correspondingly, the chemicals adding into the each category are named as 
coagulant and coagulant aid (or flocculant), respectively.
Coagulants: Usually coagulants are added to initiate the coagulation reaction. 
Typically coagulants include metal salts such as alum or ferric chloride, pre-hydrolized 
metal salts such as polyaluminum due to the high valence and good solubility at same 
time. Among them, aluminum salts and ferric salts have been conventionally used as 
coagulants for water and wastewater treatment to remove suspended solids.
Metal salts such as alum and iron salts act as coagulants that neutralize or lower the
charge of the wastewater colloidal particles by the adsorption of mononuclear and
polynuclear metal hydrolysis species. But at the present time the complete chemistry for
the formation of hydrolysis reactions and products is not well understood (Metcalf and
Eddy 2003). However, it is well known that hydrolysis reaction follow a stepwise
process, the effectiveness of alum and iron will vary with time. The hydrolysis products
of metal salts such as mononuclear species A1(H20)6̂ ,̂ A1(0 H)(H20)5̂ ,̂
A1(0H)2(H20)4^ Fe(0H)^2, Fe(OH)^^ and polynuclear species A l6(OH)i5 '̂' are
responsible for the effects observed during charge neutralization and particle aggregation
(Metcalf and Eddy 2003). The colloidal particles are also possible to get charge reversal
due to the continued adsorption of metal hydrolysis species. Adsorption and inter-particle
bridging involves the adsorption of polynuclear metal hydrolysis species. If a sufficient
concentration of metal salts is added, large amoimts of metal hydroxide precipitates
(called floes) will form. As these floes settle and sweep through the wastewater
containing colloidal particles. The colloidal particles that become enmeshed in the sweep
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floe will thus be removed (Metcalf and Eddy 2003). Therefore, the control of dosage of 
metal salts is critical for the destabilization of the colloidal particles in wastewater. The 
minimum solubility of alum hydrolysis and iron hydrolysis is reached at pH 6.5 and pH 8, 
respectively (Pinotti and Zaritzky 2001; Metcalf and Eddy 2003). Optimal pH ranges over 
which coagulation of metal salts is the most effective are pH of 4.0 to 6.0 for Fe '̂^and pH 
of 5.5 to 7.0 for Al^^ (Atkins 1995).
Cationic polymers have also been successfully used as primary coagulants in recent 
years (Li et al. 2003; Nandy et al. 2003; Averill et al. 1997). They act as a destabilization 
agent via charge neutralization/precipitation mechanism and adsorption as well. The 
maximum dosage of 5 mg/g-SS for the cationic polymers was reported for the treatment 
of wet weather flows (Li et al. 2003). But the dosage of at least 30 mg/L of cationic 
polymer was also used for the treatment of industrial wastewater with at least 85% 
removal of turbidity (Bolto et al. 1996).
Table 2-4 illustrates the typical dosage ranges of three types of metal salts reported 
in the literature, which are used as the coagulant in wastewater treatment (Young and 
Edwards 2003; Nandy et al. 2003; Tatsi et al. 2003).
Table 2-4. Coagulant dosages used for the water and wastewater treatment




Aluminium salts Ah (8 0 4 )3.18H2O 1 .6 -2 3 .7  (m gA f^L ) 8 -4 7 .4  (mg AfVL)
Ferric Chloride FeCls. 6 H2O 5 -  150 mg/L 50 -  300 mg/L
Ferric sulphate FeS04.7H20 5 -  150 mg/L 1 0 0 -4 0 0  mg/L
Flocculants or Coagulant aids: Flocculants, especially anionic polymers, mostly 
acrylamide and acrylic acid based copolymers, have been commonly used as a coagulant
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aid in conjunction with primary coagulants such as alum/iron salts to enhance the 
performance of floes formed hy metal salts and remove colloidal suspended particles 
(Chack et al. 1994). There are several advantages of the use of coagulant aid. They have 
heen shown to produce floes that are stronger than those formed by metal salts alone and 
also improve solids removal efficiency.
Polymers typically function as a coagulant aid by causing a significant amount of 
inter-particle bridging which results in increased size, density, strength of floes and 
excellent removal of colloidal suspended particles (Young et al. 2000). In this case, the 
mechanism of polymer-aided coagulation-flocculation can be explained in that polymers 
that are anionic and non-ionic become attached at a number of adsorption sites on the 
surface of the positive charged floes which are formed hy metal hydrolysis species in 
wastewater. The process involves the adsorption and inter-particle bridging (O’Melia and 
Tiller 1993). A bridge is formed when two or more particles become adsorbed, captured, 
and bound along the length of the polymer. Bridged particles become intertwined with 
other bridged particles during the flocculation process. The size of the resulting three- 
dimensional matrix of particles grows until they can be removed easily by gravity 
(Metcalf and Eddy 2003; Faust and Aly 1983). Where inter-particle bridging occurred, 
the mixing intensity also is very important and must be sufficient to bring about the 
adsorption of the polymer onto the colloidal suspended particles. If inadequate mixing is 
provided, the polymer will eventually fold back on itself, in which case it is not possible 
to form polymer bridges. Figure 2-1 illustrates several bridging functions of the polymers 
in the inter-particle bridging. After the adsorption and inter-particle bridging are 
accomplished, large polymer floes will he formed that will settle readily, and thus
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overtake and enmesh colloidal suspended particles in wastewater due to the differential 
settling. Finally, colloidal particles are removed from the wastewater.
Reaction 1
Initial adsorption at the optimal polymer dosage




Destabilized particle Floe particle
Reaction 3 
Secondary adsorption o f polymer




Initial adsorption excess polymer dosage
Excess polymer Particle
Reaction 5 
Rupture o f floe
Stable particle
■>
Intense or prolonged agitation
Floe particle
Reaction 6 
Secondary adsorption o f polymer
Floe fragments
■>
Floe fragment Restabilized floe fragment
Figure 2-1. Schematic organic polyelectrolyte bridging model for colloid destabilization 
(from Faust and Aly 1983).
MC Assisted Coagulation-Flocculation: The MC normally has a much lower 
surface charge density than colloidal suspended particles in wastewater to be treated. 
Therefore, it is not expected to change the chemistry of coagulation-flocculation reaction.
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The rate of the neutralization reaction is also not expected to change with the addition of 
MC. The advantage of adding MC (also ballasting agents) is that it can provide denser 
and stronger floes, as compared to the fragile floes produced by conventional metal salts 
(Metcalf and Eddy 2003). The studies conducted have shown that the addition of MC 
could substantially enhance both the removal efficiencies of chemical conditioned floes 
and their settleability (USEPA 1999; Desjardins et al. 2002; De Dianous and Demaucourt 
1991). It is believe that the settling velocity of suspended solids is greatly influenced by 
both their size and density. Because the presence of additional particles provided by MC 
and incorporation of MC to the floe matrix and/or large size of floes formed, this leads to 
increase in size and density of the floes formed (Young and Edwards 2003). This is 
expected to be responsible for the improved settleability of the suspended solids.
Though MC assisted coagulation-flocculation process has been used for more than a 
decade in water treatment industry, its application for the treatment of wastewater is very 
limited. The studies of the operating conditions for MC have not been addressed very 
well (USEPA 1999; De Dianous and Demaucourt 1991; Desjardins et al. 2002).
2.3.2 Bench-Scale Design of Coagulation-Flocculation Process
To develop and design a coagulation-flocculation process, the jar test is a 
commonly employed technique to determine the operating conditions, the type of 
coagulant and its dosage required. The approach, which has long been available to the 
water and wastewater treatment, has been approved to be reliable with a good precise for 
the process development and selection of design parameters (Desjardins et al. 2002; 
Greville 1997). Recently, jar test procedure was innovated to generate more turbulent 
hydraulic condition in order to sufficiently disperse polymer and thus promote inter-
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particle bridging, which was referred to as modified jar test. This modified jar test 
procedure has been successfully applied for the development of coagulation-flocculation 
process for the treatment of storm water runoff (USEPA 1999). In addition, the jar test 
apparatus can be employed to examine the floe settling velocity for the evaluation of the 
settling ability of floes and their hydraulic characteristics using turbidity as an indicator, 
which was called Gator jar test (Greville 1997). The main difference of Gator jar test 
from modified jar test is that treated wastewater sample is drawn through a sampling port 
which is located 10 cm below the 2 L wastewater surface at various time intervals after 
the completion of mixing.
2.3.3 Parameters Affecting Coagulation-Flocculation Process
During the modified jar tests, a various dosages of coagulant and coagulant aid are 
introduced into wastewater samples. The content is stirred to different degrees to simulate 
the rapid mixing in case of coagulation, and the gentle stirring in case of flocculation. 
Except for the chemical dosage parameters which are introduced above, the parameters 
affecting coagulation-flocculation process such as rapid mixing, slow mixing and settling 
are also of importance.
Rapid Mixing and Coagulation: The primary purpose of rapid mixing is to insure 
that an equal amount of coagulant is distributed uniformly and available to each particle 
for an equal amount of time ideally. Dharmappa et al. (1993) found that the most 
important parameters for the whole optimization process are the rapid mix. It should be 
noted that sufficient rapid mixing would provide conditions that favour the formation of 
micro floe particles for metal salts. Similarly, mixing has an impact on the performance of 
polymer-aided coagulation through affecting the length of the segment of the polymer
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chain. But excessive rapid mixing will bring about the breaking of newly formed floes, 
especially in case of bridging flocculation; after breaking they do not readily reform when 
the mixing is baited. Therefore, the use of an optimum mixing rates provides efficient 
micro floes and inter-particle bridging. In the other way, it is also essential to evaluate the 
effect of mixing on the performance of the polymer-aided coagulation-flocculation 
process in order to determine its optimal mixing rates (Young et al. 2000). The rapid 
mixing time for conventional coagulation using metal salts normally need from one 
second to less than several minutes depending on the characteristic of the coagulant and 
dosage used. Rossini et al. (1999)foimd that a longer rapid mixing time (30 sec for alum 
and 60 s for iron) led to the micro floes with an unfavourable particle size distribution for 
sweep floe coagulation. However, the rapid mixing time for polymer-aided coagulation is 
typically in a range of 40 -  120 sec with velocity gradient (G value) in a range of 150 -  
400 s'  ̂(Desjardins et al. 2002; Young et al. 2000).
Slow Mixing and Flocculation: The purpose of slow mixing was to promote the
gently sweep and bring the colloidal suspended particles together to form chemically
condition floes and inter-particle bridging without floe breakage. Therefore, slow mixing
also has a significant impact on process performance using the metal salts and/or
polymer. The G value of the slow mixing using conventional metal salts is less than 100
s'̂  and the slow mixing time is typically in a range of 5 -  60 min, sometime 2 hours.
However, Due to the efficient reaction processes of inter-particle bridging and adsorption
of the polymer-aided floes, correspondingly, the slow mix time for polymer-aided
flocculation may be as low as 1 to 2 min (Fan et al. 1999; Young et al. 2000). But
polymer-aided floes could endure the velocity gradient (G value) as high as 200 -  400 s'*
without floe breakage in the flocculation stage (Young et al. 2000; Young et al. 2003; De
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Dianous and Demaucourt 1991). This was thought that polymer as a coagulant aid 
provides a large and strong base stmcture for the floes of metal salts (Hanson and Cleasby 
1990).
Settling time: Settling time as an operating parameter has to be set up carefully. The 
settling time of the jar test reported for the conventional coagulation system using metal 
salts is usually more that 30 min (Rossini et al. 1999; Poon and Chu 1999). Desjardins et 
al. (2002) recommended a settling time of 3 min for the performance of polymer-aided 
flocculation-coagulation process. USEPA (1999) conducted a series of preliminary jar 
tests to determine the minimum settling time required. The results showed that a settling 
time of 8 min was feasible and enough for the purpose of evaluation in the study of the 
coagulation-flocculation process with the addition of MC.
Effect o f pH: Since pH value effects the surfaee charge of colloids, the surface 
charge of floe particles and coagulant solubility, it is always important to adjust the pH 
for proper coagulation performance. Each type of coagulant requires an optimal pH range 
(Van Benschoten et al. 1992). The coagulation process shows an increasing drop in pH as 
the more dosages of metal salts such as alum and ferric chloride were added (Hanson and 
Cleasby 1990; Metcalf and Eddy 2003). Optimal pH ranges over which coagulation of 
metal salts is the most effective are pH of 4.0 to 6.0 for Fe^^and pH of 5.5 to 7.0 for Al̂ "̂  
(Atkins 1995). Similarly, Davis and Cornwell (1998) and Greville (1997) observed that 
ferric salts often perform well in acidic conditions. Studies have shown that variability in 
pH has a relatively small effect on process performance as compared to other variables 
(Szpak et al. 1996), only if it is within the optimal range of the coagulant being used in 
the process.
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Effect o f Temperature: Generally, an increase in temperature improves floeeulation 
because coagulants, especially to the inorganic metal salts, increase in solubility and the 
rate of collision of particles. Temperature also alters the distribution of kinetic energy 
over the scale of fluid motion in a turbulent flow field. Low temperature affects 
coagulation-flocculation process by altering coagulant solubility, increasing water 
viscosity and retarding the kinetics of hydrolysis reactions and particle flocculation (Faust 
and Aly 1983). The colder temperatures (<5 °C) have a profound effect on alum and iron 
salts to the extent that performance is often unacceptable during wintertime. A decrease in 
temperature, especially at about 5 °C, had a significant adverse effect on the efficiency of 
floeeulation, the process of floe formation, and thus the turbidity removal due to the 
changed floe characteristics, severe effect with alum and significant with ferric chloride 
(Hanson and Cleasby 1990; Morris and Knocke 1984; Camp et al. 1940; Kang and 
Cleasby 1995). However, almost all coagulants perform well during the warmer 
temperature period when the temperature of wastewater is in a range of 10 -  25 °C 
(Greville 1997). Hanson and Cleasby (1990) compared flocculation efficiency using 
cationic polymer at 20 °C and 5 °C, it shows little difference between the flocculation 
effieieney.
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Inorganic metal salts, alum (aluminum sulfate, Al2(S04)3 18H2O) and ferric chloride 
(FeCla I2H2O), and cationic organic polymers, Zetag 7822 and Zetag 7873 (Ciba 
Specialty Chemicals Canada Inc. Ontario), were used as the primary coagulant in the 
present study (the reason for choosing is detailed in section 3.2.4A).
For alum and ferric chloride (BDH Inc. Ontario), 10% soluble solution was 
prepared and diluted by using tap water. Organic coagulants were diluted to 1% using tap 
water. Concentration of the coagulants reported is the eoncentration of alum as mg Al^^/L 
and the concentration of ferric chloride as mg FeCls I2H2O/L while the concentration of 
the organic polymer as mg polymer/L.
3.1.2 Coagulant Aid
Anionic organic polymer Clarifloc A-3330 (Polydyne Inc., U.S.A.), a medium 
charged water-soluble anionic poly-acrylamide, henceforth referred to as Clarifloc, is 
currently being used as a coagulant aid to enhance the removal of solids during primary 
sedimentation at LRWRP. It therefore decided to include the effect of addition of 
Clarifloc as a coagulant aid during the proeess development and design for the treatment 
of wet weather flows and CSOs.
Before adding Clarifloc, its granular polymer powder was dissolved to a lower 
concentration solution in order to sufficiently utilize the flocculation function of organic 
polymer. Based on visual observation in the preparation of Clarifloc solution, magnetic
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stirrer can provide sufficient mixing for the complete dispersion of powder polymer into 
the tap water. At Least 15 minutes to 1 hour mixing duration, which was suggested by the 
MSDS (Material Safety Data Sheet) of the product under condition of using up to 5 g/L at 
25°C, was used in the preparation procedure of the coagulant aid. A 0.1% polymer 
solution, which was below maximum working eoncentration 5 g/L recommended by the 
MSDS, was used in the present study. The freshly prepared solution of Clarifloc was used 
within 24 hours of preparation.
3.1.3 Micro Carrier (MC)
Micro sand (industrial silica sand # 70, K and E Sand and Gravel, Wyoming) was 
obtained through a local supplier. In the present study, it was used as micro carrier (MC). 
The MC was characterized by standard sieve analysis using the following U.S. ASTM- 
E11 sieve numbers: 30, 50, 60, 100, 200, and 270. The gradation curve for the MC based 
on the sieve analysis is shovm in Figure 3-1. The figure reveals that size ranges from 149 
to 250 pm and 74 to 149 pm are the two dominant size fractions in this silica sand.
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Figure 3-1. Gradation eurve of micro-carrier
3.1.4 Raw Wastewater Samples
All experiments were conducted using dry or wet weather municipal wastewater 
samples, as available, at the Lou Romano Water Reclamation Plant (LRWRP) in 
Windsor, Ontario. A major part of the wastewater flows to the treatment plant is collected 
through CSSs in the City of Windsor. The plant is designed to treat 109,000 m^/d. The 
characteristics of wastewater samples collected at LRWRP during the present study are 
presented in Table 3-1.
Table 3-1. Raw wastewater sample (collected in the present study) characteristics
Parameters Number o f  
samples
Maximum Minimum Average SD
pH 38 7.56 6.48 6.99 ±0.26
Temperature °C 34 27 13 21.6 ±3.67
Turbidity NTU 49 150 49 90 ±29.25
SS mg/L 46 329 80 134 ± 40.87
*Based on the raw wastewater samples collected during the period between 2003.4. and 2004.3.
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Previous studies have shown that wet weather wastewater collected at LRWRP 
during overflow events was similar in characteristics to the actual CSOs (Li et al. 2003). 
The studies also demonstrated that the operational conditions of the coagulation- 
flocculation treatment process established using dry weather flows could be applied 
without modification for the purpose of wet weather flow treatment. Further, under the 
same operating conditions, solids removal efficiencies obtained with wet weather 
wastewater were higher than those obtained with dry weather wastewater.
3.2 Experimental Apparatus and Instruments
3.2.1 Jar Test Apparatus
The jar test in the present study used a Phipps and Bird (Model B-Ker^) jar test 
apparatus (General Medical Corp, Richmond, VA 23228, U.S.A.), as shown in Figure 3- 
2. The apparatus includes Gator jars which is made of Va inch thick plexiglas with the 
dimensions shown in Figure 3-3, equipped with a sampling port 10 cm below the 2 L 
water level in each jar.
■ M- . 11. ■«.!
Figure 3-2. A Phipps and Bird jar test apparatus with a fluorescent light plate.
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The apparatus was originally equipped with HS-4 flat paddle (2.5 cmx7.6 cm) to 
each jar. The paddles were modified as suggested by USEPA (1999). An additional 
paddle (3.2 cmx7.6 cm) was added in a direction perpendicular to the original paddle in 
order to generate more rigorous turbulence to keep MC in suspension. Due to this 
modification, the testing repeated in the present study has been referred to as modified jar 
tests. The total paddle area for two paddles is 19.0+24.3=43.3 cm^. The mix intensity, 
measured as velocity gradient or G value, was calculated based on paddle dimension and 





Figure 3-3. Schematic of a Gator jar with a sample tap.
3.2.2 Turbidity Meter
The type of turbidity meter used in the present study is 43900 
Ratio/XR Turbiditmeter (EACH Company, Loveland, Colorado).
33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
It is a laboratory nephelometer and capable of measuring turbidities in the range of 0.001 
- 1999 NTU. There are four operating ranges: 0 - 2, 0 - 20, 0 - 200, 0 - 2000 NTU. The 




3) Expandable Ion Analyzer EA 940 and Triode pH Electrode 91-57BN (Orion 
Research Incorporated Laboratory Products Group, Boston, MA, U.S.A.)
4) Analytical balance (Mettler AE163)
5) Drying oven (Fisher Scientific Limited)
3.2.4 Experimental Design
The experimental design of the present study was divided into four stages: A) 
selection of primary coagulant and coagulant aid (if identified); B) process design; C) 
effect of MC on the process performance; D) effect of dosage combinations on the 
process performance as detailed in the following sections.
In order to achieve the optimal operating conditions and for the purpose of the 
statistical analysis, at least, three sets of replicate experiments were conducted for each 
set of pre-decided experimental conditions using different, freshly collected raw 
wastewater samples from LRWRP. Water quality parameters in each settled supernatant 
were examined in duplicate. The precision of mix time for each set of experiments was 
controlled under ± 2 second.
A. Selection of Primary Coagulant/Coagulant Aid
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The function of this stage was to determine the dosage ranges of the primary 
coagulants and select primary coagulant. It was determined with respect to turbidity and 
SS removal efficiency by conducting a series of jar tests and analyzing untreated raw 
wastewater samples and treated supernatants for various parameters.
Metal salts (alum and ferric chloride) have been used extensively as a primary 
coagulant for a long time in water and wastewater treatment. Ferric chloride has been 
successfully used in the past, and alum is currently being used to enhance the 
performance of primary sedimentation at LRWRP in Windsor. The recent study shows 
that using organic polymers (Zetag 7873 and Zetag 7822) as a primary coagulant, 
considerable turbidity and SS removal can be achieved (Li et al. 2003). Therefore, both 
organic and inorganic chemicals (alum, ferric chloride, Zetag 7873 and Zetag 7822) were 
selected as the primary coagulants in the present study.
The modified jar test procedure based on that proposed in USEPA (1999) was used. 
A I L  raw wastewater sample was used. The rapid mix rate was fixed at 150 rpm 
(corresponding to a G value of 246 s"') for 10 sec; slow mix rate was fixed at 60 rpm 
(corresponding to a G value of 62 s'^) for 1 min in the experiment; and followed by a 
settling time of 8 min. Then, the supernatant of approximately 350 ml was carefully 
decanted to beakers for analysis of temperature, pH, SS, and turbidity.
Preliminary experiments (results are not included) showed the dosage of alum less 
than 8 mg Al^^/L and the dosage of ferric chloride less than 30 mg/L were not effective 
for the treatment of dry or wet weather flows. Alum concentrations during these 
experiments were in the range of 8.1 - 19.5 mg Al^”̂ /L. Concentrations of ferric chloride 
used were in a range of 30 - 60 mg/L.
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The recent study on the treatment of Windsor CSOs by using cationic polymer 
Zetag 7873 and Zetag 7822 (University of Windsor 2002), suggested that polymer dosage 
of larger than 5 mg/g-SS was quite effective in the removal of suspended solids. This 
corresponds to a dosage of 1 mg/L treating a raw wastewater with SS concentration of 
200 mg/L. The polymer concentrations ranging between 1 - 5  mg/L were used in the 
present study.
B. Process Design
Once the primary coagulant and coagulant aid were selected, different operating 
conditions were applied, and variations in the effects of the changes were evaluated 
statistically in order to determine the operating conditions that maximize process 
performance for the purpose of process design. This stage included the design of the 
operating conditions and selection of the primary coagulant and coagulant aid dosage. 
The modified jar tests were initiated by pouring 1 L wastewater sample in each jar. Based 
on the modified jar test procedure proposed in USEPA (1999), the rapid mix rate was 
fixed at 150 rpm at a G value of 246 s’\  Slow mix rate was fixed at 60 rpm at a G value 
of 62 s'̂  in the experiments. The mixture was mixed for different mix time. A settling 
time of 8 min was used. After that, the treated supernatant of approximately 350 ml was 
carefully decanted into beakers for analysis of temperature, turbidity, SS, pH. The 
operating parameters as detailed in the following sections were studied.
Temperature: Temperature can have a significant effect on the process of floes 
formation if temperature is lower than 5 °C (Hanson and Cleasby 1990; Morris and 
Knocke 1984; Kang and Cleasby 1995). But wet weather flows or CSO events normally 
occurred during the warmer season of each year. Temperature in a range of 10 -  25 °C
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for CSO events was reported by (Greville 1997). Wastewater temperature in the present 
study varied around 20 °C (see table 3-1). So the effects of seasonal temperature 
variations in raw wastewater were not expected to be significant as compared with other 
operating parameters
pH  value: Typically, the optimal pH range for alum is approximately 5.5 to 7.0 with 
adequate coagulation (Davis and Cornwell 1998; Atkins 1995). The pH values measured 
in treated supernatant during the first stage experiments (Section 4.1) varied in a narrow 
range, which always fell into the optimal pH range for alum coagulation. So, pH was also 
not expected to have a major influence on process.
Rapid Mix Time for Alum -  Adding Alum Alone: The rapid mix time for alum 
coagulation varied between 10 to 80 sec at a fixed dosage of 14.6 mg Ap^/L, followed by 
slow mix time of 60 sec and settling.
Rapid Mix Time for Alum -  Adding Alum and Clarifloc: The rapid mix time for 
alum coagulation varied from 10 to 80 sec at a fixed dosage of 14.6 mg Al '̂ /̂L. Clarifloc 
was added at a fixed dosage of 1.5 mg/L after alum coagulation and rapidly mixed for an 
additional 20 sec, followed by slow mix time of 60 sec and settling.
Rapid Mix Time for Clarifloc: Based on the results of the above experiments, rapid 
mix time for alum coagulation was applied at a dosage of 14.6 mg Al '̂ /̂L. Clarifloc was 
added at a fixed dosage of 1.5 mg/L after alum coagulation and rapidly mixed for an 
additional time varying between 0 sec to 60 sec, followed by slow mix time of 60 sec and 
settling. A rapid mix time of 0 sec for Clarifloc means that once 40 sec rapid mixing for 
alum completed, Clarifloc was added and immediately started slow mix stage instead of 
continuing the rapid mixing.
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Slow Mix Time: Further, experiments were performed at 60 rpm, and varying slow 
mix duration from 1 to 10 min followed by settling. Based on results from the above 
experiments, the designed rapid mix time for alum was applied at a dosage of 14.6 mg 
aP"^/L, and Clarifloc was further added at a fixed dosage of 1.5 mg/L after alum 
coagulation, and corresponding rapid mix time designed for Clarifloc was also applied.
Selection o f Alum Dosage: Once the operating conditions were established, further 
studies were carried out to find the optimal dosage of coagulant by applying those rapid 
mix and slow mix conditions resulted from above experiments. Alum dosages varying 
between 8.1 to 19.6 mg were investigated.
Selection o f Clarifloc Dosage: Clarifloc as a coagulant aid was tested at various 
concentrations between 0 (no Clarifloc added) - 2.0 mg/L in conjunction with the selected 
alum dosage. After applying the designed rapid mix time and selected dosage for alum, 
Clarifloc dosage was added, and then applying rapid mix designed for Clarifloc, followed 
by slow mix and the settling.
C. Effect of MC on the Process Performance
After the operating conditions and the chemical dosages for the coagulation- 
flocculation process were established, the effect of addition of MC on the improvement of 
floe settling velocity was studied mainly via Gator jar tests using a procedure similar to 
that described at the section 3.2.4B. For the settling velocity experiments, a 2 L raw 
wastewater sample was used. The operating conditions and chemical dosages established 
through section 3.2.4B for alum and Clarifloc were used, i.e. a G-value of 246 s'̂  for 
rapid mix and 62 s'* for slow mix were maintained by modifying the rapid mix rate to 189 
rpm and the slow mix rate to 76 rpm, respectively. Because settling velocity is strongly
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related to the settling time in a sedimentation system, the best method is to measure floe 
settling performance from the initial settling time. A Gator jar with a sampling port of 10 
cm from the 2 L water-line is very useful to determine how long it takes for a particle to 
settle 10 cm. In the present experiments, samples were withdrawn at time interval of 1, 2, 
5 and 10 min from a sampling port located 10 cm jfrom the 2 L water line. The 
temperature, pH, turbidity were measured. The turbidity of samples as a function of time 
intervals reflects the floe settling velocity and hydraulic conditions. The settleability of 
the suspension was examined on the basis of the relation between floe settling velocity 
and turbidity removal efficiency. Table 3-2 below outlines the relation between surface 
loading rate and settling velocity corresponding to the sampling time intervals from a 10 
cm sampling port.
Table 3-2. Settling time as a function of floe settling velocity and surface loading rate










The effect of MC on the process performance was evaluated via the following 
experiments:
Effect o f Addition o f MC: The effect of MC addition was studied in modified jar 
tests with MC concentration at a variation of 0 -  10 g/L. MC was introduced together 
with Clarifloc. The temperature, pH, turbidity and SS were measured.
Effect o f MC Concentration: The effect of MC concentration was examined in a 
range of 0 -  5 g/L by using Gator jar tests. The temperature, pH, and turbidity were 
measured.
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Effect o f MC Size: The concentration of MC, 3 g/L, was employed in each jar. MC 
size in Gator jar tests was divided into three fractions: MC as supplied, small size 75 -  
150 pm, and large size 150 -  250 pm (detailed in section 3.1.3).
Effect o f timing addition o f MC: 3 g/L MC was added together with alum and/or 
together with Clarifloc in Gator jar tests.
D. Effect of Dosage Combinations on the Process Performance
After the MC assisted coagulation-flocculation process was designed, the forth 
stage was implemented to evaluate the potential for ftirther improvement in the 
economics of the established process. It was postulated that the addition of a coagulant 
aid and further with the assistance of MC could lead to the reduction of the primary 
coagulant dosage. So the effect of combinations on the process performance was 
evaluated. The established alum/Clarifloc dosage combination obtained from the second 
stage (Section 3.2.4B) was compared with other three alum/Clarifloc combinations, two 
maintaining the same ratio as that designed and the third representing the typical dosage 
combination currently being used at LRWRP to enhance the performance of the primary 
sedimentation imit. They are called four types of combinations as detailed in Table 3-3. In 
this stage, the process performance on the removal efficiencies of the turbidity and SS 
was investigated in the modified jar tests. Settling time 2 and 5 were respectively used.
Table 3-3. Chemical dosage combinations
Chemicals Combination 1 Combination 2 Combination 3 Combination 4
AhCSOOa I8H2O 7.3 mg/L 7.3 mg/L 11.3 mg/L 14.6 mg/L
Clarifloc A-3330 0.3 mg/L 0.7 mg/L 1.0 mg/L 1.5 mg/L
micro carrier 3gT . 3 g/L 3 g A 3gT .
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3.2.5 Analytical Methods
All experimental analysis of raw wastewater samples were conducted as per 
Standard Methods (1998) as listed in Table 3-4. Data analysis employed the Tukey’s 
multiple pairwise comparison method (Berthoues and Brown 1994) was used. Critical 
values of the studentized range statistic Qk,v, a/2 in Tukey’s method may be found in the 
statistical tables (Harter 1966). The standard deviation and mean ealculation procedure 
were implemented for data handling and process performance evaluation.
Table 3-4. Analytical methods referred from Standard Method category
Method Category Part Number
Total suspended solids dried at 103 -  105 °C Part 2540 D.
Turbidity - Nephelometric method Part 2130 B.
* Standard Methods, 20th Edition, 1998.
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4 Results and Discussion
4.1 Performance of the Primary Coagulants
4.1.1 Organic Polymers
In a recent pilot-seale study, cationic polymer Zetag 7822 and Zetag 7873 were 
successfully used as a primary coagulant for the treatment of dry and wet weather flows 
at LRWRP in Windsor (Li. et al. 2003). In the present study, the effect of Zetag 7822 and 
Zetag 7873 dosage on the performance of the coagulation-flocculation process detailed in 
section 3.2.4.A was examined.

















1 7.3 62 98 7.0 41 47 33.9 52.0
2
7.3 62 98 7.1 40 31 35.5 68.4
7.3 60 101 7.4 44 49 26.7 51.5
7.4 80 153 7.3 50 79 37.5 48.4
3
7.3 62 98 7.2 36 30 41.9 69.4
7.3 60 101 7.4 43 41 28.3 59.4
7.4 80 153 7.3 49 67 38.8 56.2
4
7.3 62 98 7.2 34 33 45.2 66.3
7.3 60 101 7.4 41 41 31.7 59.4
7.4 80 153 7.3 48 67 40.0 56.2
5
7.3 62 98 7.2 32 24 48.4 75.5
7.3 60 101 7.4 40 39 33.3 61.4
7.4 80 153 7.3 40 47 50.0 69.3
Note: Data are partially presented in Figure in Appendix A.
The results obtained with Zetag 7822 are presented in Table 4-1. The initial 
turbidity and SS concentration in the raw wastewater samples varied in a range of 60 -  80
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NTU and 9 8 -  153 mg/L, respectively. The results show that the residual turbidity and SS 
in the treated supernatant varied with the raw wastewater quality. For example, the 
highest residual SS was observed in the supernatant of raw wastewater sample with an 
initial SS concentration of 153 mg/L. However, the turbidity and SS removal efficiencies 
only varied over a narrow range and seemed to be independence of the raw wastewater 
characteristics within the Zetag 7822 dosage range tested. The combined results for all 
experiments of pH, turbidity and SS removal efficiencies are presented in Figure 4-1. As 
expected, the results show the pH values of the treated supernatant were very similar to 
those of the raw wastewater samples (see Table 4-1) and Zetag 7822 dosage has no 
significant effect on pH. This was consisted with the previous studies (Li et al. 2003). It 
can be seen in Figure 4-l(B, C) that there is a very gradual increasing trend for turbidity 
removal efficiency from about 33.2% to 40.8% and SS removal from 56.1% to 68.4% 
with increasing Zetag 7822 dosage from 2 to 5 mg/L. Statistical analysis revealed that 
there was no significant increase in removal efficiency of turbidity from 33.2% to 40.8% 
with increasing Zetag 7822 dosage from 2 to 5 mg/L and SS from 56.1% to 60.6% with 
increasing dosage from 2 to 4 mg/L. However, SS removal efficiencies obtained with 4 -  
5 mg/L Zetag 7822 dosage were significantly different from each other. The previous 
study on the treatment of wet weather flows recommended that Zetag 7822 dosage greater 
than about 5 mg/g-SS should result in little difference in the improvement of removal 
efficiencies (Li et al. 2003). Further, being concerned about the potential accumulation of 
residual polymer to aquatic environment, the Zetag 7822dosage large than 5 mg/L was 
not tried in the modified jar tests.
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Figure 4-1. Effect of Zetag 7822 dosage on process performance. A) pH; B) turbidity 
removal; C) SS removal. Values shown are average ± SD based on results 
presented in Table 4-1.
The results obtained with Zetag 7873 are presented in Table 4-2. The initial 
turbidity and SS concentration in the raw wastewater samples varied in a range of 56 -  80 
NTU and 87 -  157 mg/L, respectively. It can be seen that initial raw wastewater quality 
affected the residual turbidity and SS in the treated supernatant. However, when the 
supernatant was treated by the higher Zetag 7873 dosage, the turbidity and SS removal
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efficiencies only varied over a narrow range and seemed to be independent on the raw 
wastewater eharacteristics. The combined results for all experiments of pH, turbidity and 
SS removal efficiencies are presented in Figure 4-2. As expected, the results show the pH 
values of the treated supernatant were very similar to those of the raw wastewater samples 
(see Table 4-2) and did not change too much. Very gradual increasing trends for turbidity 
removal efficiency from about 36.8% to 42.9% and SS removal from 48.4% to 71.8% 
were observed as increasing Zetag 7873 dosage from 1 to 4 mg/L. Statistical analysis 
revealed that there was a significant increase in removal efficiency of turbidity from 
36.8% to 41.2% and SS from 48.4% to 67.9% with increasing Zetag 7873 dosage from 1 
to 3 mg/L. However, turbidity and SS removal efficiencies obtained with 3 and 4 mg/L 
Zetag 7873 dosage were not significantly different from each other.


















7.1 56 87 7.0 38 55 32.1 36.8
7.1 70 157 7.1 45 69 35.7 56.1
7.4 80 154 7.3 46 73 42.5 52.6
2
7.1 56 87 7.0 36 41 35.7 52.9
7.3 60 101 7.3 44.4 34 26.0 66.3
7.4 80 154 7.4 42 57 47.5 63.0
7.1 70 157 7.1 41 59 41.4 62.4
3
7.1 56 87 7.1 33 33 41.1 62.1
7.3 60 101 7.3 43 26 28.3 74.3
7.4 80 154 7.4 39 49 51.3 68.2
7.1 70 157 7.1 39 52 44.3 66.9
4
7.1 56 87 7.1 33 31 41.1 64.4
7.3 60 101 7.3 42 33 30.0 67.3
7.1 67 134 7.1 37 32 44.8 76.1
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Table 4-2. (Cont.)
4 7.4 80 154 7.3 39 28 51.3 81.8
7.1 70 157 7.1 37 48 47.1 69.4
5 7.1 56 87 7.0 32 31 42.9 64.4
7.3 60 101 7.3 40 22 33.3 78.2
Note: Data are partially presented in Figure 2 in Appendix A.
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Z etag7873 d o sa g e  (m g /L )
Figure 4-2. Effect of Zetag 7873 dosage on process performance. A) pH; B) turbidity 
removal; C) SS removal. Values shown are average ± SD based on results 
presented in Table 4-2.
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Recently, studies using a rapid mix time of 1 min at a G value of 180 s '\  followed 
by slow mixing for 5 min at a G value of 20 s'* and 10 min settling time obtained 
turbidity and SS removal efficiencies of more than 80% for Zetag 7822 and 70% for 
Zetag 7873, respectively (Li et al. 2003). Since charge neutralization and inter-particle 
bridging dominated cationic polymer coagulation. The lower turbidity and SS removal 
efficiencies observed in the present study, as compared to the results obtained by Li et al. 
(2003), maybe due to inadequate coagulation and/or flocculation of the raw wastewater 
and settling time used (see section 3.2.4A, the experimental conditions).
4.1.2 Inorganic Metal Saits
Alum and ferric chloride have been extensively used as a primary coagulant in 
water and wastewater treatment. Ferric chloride has been successfully used in the past, 
and alum is currently being used to enhance the performance of primary sedimentation at 
LRWRP in Windsor. In the present study, the effect of alum and ferric chloride dosage on 
the performance of the coagulation-flocculation process detailed in section 3.2.4.A was 
examined. The results obtained with alum are presented in Table 4-3. Alum dosage used 
in these experiments varied between 4.9 and 19.5 mg Ap'^/L.
Table 4-3. Effect of alum dosage on process performance
Alum Raw wastewater Treated supernatant Percent removal
dosage pH Turbidity SS pH Turbidity SS Turbidity SS
mg A f  7 l NTU mg/L NTU mg/L % %
4.9 7.0 62 153 6.7 37 79 40.3 48.4
6.5 7.0 62 153 6.7 34 70 45.2 54.2
7.0 62 153 6.6 25 48 59.7 68.6
8.1 7.0 80 128 6.8 16 31 80.0 75.8
7.6 94 205 6.8 36 71 61.7 65.4
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Table 4-3. (Cont.)
9.7 7.0 80 128 6.7 15 28 81.3 78.1
7.0 62 153 6.5 18 33 71.0 78.4
11.3
7.0 80 128 6.6 15 29 81.3 77.3
7.0 62 153 6.5 16 33 74.2 78.4
7.6 94 205 6.6 24 41 74.5 80.0
13.0 7.0 80 128 6.7 14 26 82.5 79.7
7.0 62 153 6.4 15 29 75.8 81.0
14.6
7.0 62 153 6.3 11 23 82.3 85.0
7.0 80 128 6.6 14 27 82.5 78.9
7.6 94 205 6.5 16 27 83.0 86.8
16.2 7.0 62 153 6.3 12 26 80.6 83.0
7.0 80 128 6.5 14 26 82.5 79.7
17.8
7.0 62 153 6.2 13 29 79.0 81.0
7.0 80 128 6.3 14 28 82.5 78.1
7.6 94 205 6.4 11 19 88.3 90.7
19.5 7.0 62 153 6.1 16 32 74.2 79.1
7.0 80 128 6.2 14 27 82.5 78.9
Note: Data are partially presented in Figure 3 in Appendix A.
Table 4-3 shows that pH value in the treated supernatant decreased due to the 
addition of alum; the more alum added, the more pH dropped. But pH value after treated 
by varying alum dosage still falls into the optimal pH (5.5 to 7.0 for Al̂ "̂ ) range over 
which coagulation of alum is the most effective (Atkins 1995). Therefore, pH was not 
adjusted during the experiment in the modified jar tests. The results of the residual 
turbidity and SS in the treated supernatant indicated the effect of the initial raw 
wastewater characteristics, especially, at alum dosage of low than 8.1 mg Al̂ "̂ /L. But 
little effect of the initial turbidity and SS in the raw wastewater was observed when alum 
dosage beyond 13.0 mg Al^^/L, which was indicated by the turbidity and SS removal 
efficiencies only varying over a narrow range. On the contrary, the lowest residual 
turbidity and residual SS in the treated supernatant were obtained when the raw
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wastewater with the highest initial turbidity (94 NTU) and SS (205 mg/L) was treated by 
alum. This may result from the contribution of sweep floes due to the overdosing to form 
large amounts of metal hydroxide precipitates which are efficient to trap and enmesh the 
suspended particles, and thus settling easily (Metcalf and Eddy 2003). The combined 
results for all experiments of pH, turbidity and SS removal efficiencies are presented in 
Figure 4-3. It can be seen that the pH values of the treated supernatant were decreased up 
to about 6.0. Very gradual increasing curves of removal efficiency were observed for both 
turbidity and SS. The turbidity and SS removal of 70 ± 11.0% and 71 ± 5.2%, 
respectively obtained with alum dosage of 8.1 mg Al^’̂ /L were significantly different 
from removal efficiencies of more than 77 ± 5.8% and 78 ± 0.4% obtained at the dosage 
of 17.8 mg AI^VL. However, turbidity and SS removal efficiencies obtained with 11.3, 
14.6 and 17.8 mg Ap'*̂ /L dosage were not significantly different from each other. The 
results also suggested that the alum dosage range from 8.1 to 19.5 mg Al^^/L should be 
studied as the optimal working range for turbidity and SS removal. In the present study, 
this working range was examined after the operating conditions of coagulation- 
flocculation process were established.
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Alum dosage (mg APVL)
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Figure 4-3. Effect of alum dosage on process performance. A) pH; B) turbidity removal;
C) SS removal. Values shown are average ± SD based on results presented in 
Table 4-3.
The results obtained with ferric chloride are presented in Table 4-4. Ferric chloride 
dosages varied from 30 to 60 mg/L were examined. Table 4-4 shows that pH value in the 
treated supernatant decreased due to the addition of ferric chloride. The larger decrease 
interval was observed at higher ferric chloride dosage. But pH value in the treated 
supernatant still falls into the optimal pH range (4.0 to 6.0 for Fê "̂ ) which coagulation of
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ferric chloride is the most effective (Atkins 1995). Therefore, pH was not adjusted in 
modified jar tests. Similar to the performance of alum, the residual turbidity and SS in the 
treated supernatant shown in Table 4-4 were affected by the initial raw wastewater 
quality, especially at ferric chloride dosage of low than 40 mg/L. Treatment of raw 
wastewater with an initial SS concentration of 205 mg/L and an initial turbidity of 94 
NTU always produced a supernatant with a highest residual turbidity and SS as compared 
to the results obtained from other raw wastewater samples treated by the same dosage. As 
compared to high alum dosage performance in Table 4-3, ferric chloride dosage of more 
than 60 mg/L seemed not to be enough to generate large amounts of iron hydroxide 
precipitates to promote sweep flocculation, and thus did not produce a consistent residual 
turbidity and SS concentration in the treated supernatant. However, if comparing the 
turbidity and SS removal efficiencies obtained with ferric chloride to that obtained with 
alum, the results suggested that mechanism of neutralization and double layer 
compression should be good enough for the ferric chloride performance to obtain the 
same or even better treated supernatant. But light rusty color was observed in all 
supernatants treated by ferric chloride. This could be caused by various iron mono- and 
polynuclear hydrolysis species such as Fê "̂  and FeOH^^.
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7.3 60 65 6.4 5.7 17 90.5 73.8
7.4 81 154 6.3 14 31 82.7 79.9
7.6 94 205 6.5 30 47 68.1 77.1
40
7.3 60 65 6.1 5.1 8 91.5 87.7
7.4 81 154 6.2 13 26 84.0 83.1
7.6 94 205 6.3 25 37 73.4 82.0
50
7.3 60 65 5.9 3.8 5 93.7 92.3
7.4 81 154 6.0 5.0 12 93.8 92.5
7.6 94 205 6.0 18 27 80.9 86.8
60
7.3 60 65 5.0 2.6 6 95.7 90.8
7.4 81 154 5.8 3.0 5 96.3 96.8
7.6 94 205 5.8 18 26 80.9 87.3
Note: Data are partially presented in Figure 4 in Appendix A.
The combined results for all experiments of pH, turbidity and SS removal 
efficiencies are presented in Figure 4-4. The results show that the pH values of the treated 
supernatant were decreased. A very gradual increasing trend for turbidity removal 
efficiency from about 80.4% to 90.9% and SS removal from 76.9% to 91.6% were 
obtained with increasing ferric chloride dosage from 30 to 60 mg/L. Statistical analysis 
revealed that there was a significant increase in removal efficiency of turbidity from 
80.4% to 89.4% and SS from 76.9% to 90.6% obtained with increasing ferric chloride 
dosage from 30 to 50 mg/L. However, turbidity and SS removal efficiencies obtained 
with ferric chloride dosages of 50 and 60 mg/L were not significantly different from each 
other.
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Figure 4-4. Effect of ferric chloride dosage on process performance. A) pH; B) turbidity 
removal; C) SS removal. Values shown are average ± SD based on results 
presented in Table 4-4.
4.1.3 Selection of the Primary Coagulant
Based on the results presented in section 4.1.1 and 4.1.2, the maximum turbidity 
and SS removal efficiencies and the corresponding dosages for both the organic and 
inorganic coagulants used are presented in Table 4-5.
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Table 4-5. Comparison of significant removal efficiencies obtained with coagulants
Coagulant Dosage Turbidity SS
(mg/L)
Removal efficiency Removal efficiency
Zetag 7822 5 39 ± 6.8% 6 9 ±  10%
Zetag 7873 4 43 ±8.1% 72 ±7.1%
Alum (as A f  ̂ ) 18 83 ±3.8% 82 ± 5.9%
Ferric chloride 60 90 ± 7.4% 91 ±3.2%
The results of statistical analysis show that the inorganic metal salts (alum and 
ferric chloride) were significantly superior to the organic polymers (Zetag 7822, 7873) in 
terms of removal efficiencies of turhidity and SS. There was no significant difference 
found between the removal efficiencies of both turbidity and SS obtained with ferric 
chloride and alum for the treatment of raw wastewater samples.
After discussion of the results with the management at LRWRP, the management 
indicated a preference for the use of alum over ferric chloride. Residual color and 
operational problems due to pelletization of sludge produced by using of ferric chloride in 
the past at LRWRP were cited as reasons for the preference. Alum was therefore chosen 
as the primary coagulant for the process.
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4.2 Process Design
Operating conditions during the coagulation-flocculation stages have a significant
effect on the particle aggregation performance (Fan et al. 1999; Szpak et al. 1996; Young 
et al. 2000). Several critical parameters need to be established for proper design and 
operation of a coagulation-flocculation process. In the present study, the effects of 
selected operating parameters on the process performance related to the process being 
developed were investigated, as detailed in the following sections.
4.2.1 Optimization of Operating Conditions
Theoretically, mixing has an immense effect on chemical coagulation and 
flocculation (Young et al. 2000). The degree of mixing in the system is described as the 
velocity gradient (G value) x time (t), i.e. Gt value. The velocity gradient used in this 
stage for rapid mix and slow mix can refer to section 3.2.4A. The experiments mainly 
aimed at the effect of mix time on the coagulant and coagulant aid performance in order 
to maximize process performance using the coagulant and coagulant aid.
A. Rapid Mix Time for Alum
1) Rapid mix time for alum -  adding alum alone
The function of rapid mix is to quickly and efficiently disperse the added chemicals 
evenly in the entire volume of the incoming raw wastewater and to provide sufficient 
energy for inter-particle adsorption and bridging. The effect of rapid mix time for alum 
was evaluated in a series of modified jar tests by varying mix time between 1 0 - 8 0 ,  
followed by a slow mix at a G value of 62 s'* for 1 min and 8 min of settling. Alum
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dosage was fixed at 14.6 mg Ap" /̂L and the experiments were conducted in triplicate. The 
results are presented in Table 4-6.


















6.9 125 143 6.1 15 29 88.0 79.7
10 6.9 126 141 6.1 15 27 88.1 80.9
7.0 128 122 6.1 24 33 81.3 73.0
6.9 125 143 6.2 14 25 88.8 82.5
20 6.9 126 141 6.2 14 25 88.9 82.3
7.0 128 122 6.2 22 28 82.8 77.0
6.9 125 143 6.2 16 29 87.2 79.7
30 6.9 126 141 6.2 21 36 83.3 74.5
7.0 128 122 6.2 22 29 82.8 76.2
6.9 125 143 6.2 14 27 88.8 81.1
40 6.9 126 141 6.2 17 32 86.5 77.3
7.0 128 122 6.2 26 34 79.7 72.1
6.9 125 143 6.2 16 28 87.2 80.4
50 6.9 126 141 6.2 17 30 86.5 78.7
7.0 128 122 6.2 24 30 81.3 75.4
6.9 125 143 6.3 17 29 86.4 79.7
60 6.9 126 141 6.3 21 36 83.3 74.5
7.0 128 122 6.2 25 35 80.5 71.3
6.9 125 143 6.3 25 43 80.0 69.9
70 6.9 126 141 6.3 26 38 79.4 73.0
7.0 128 122 6.3 26 33 79.7 73.0
6.9 125 143 6.3 20 33 84.0 76.9
80 6.9 126 141 6.3 20 32 84.1 77.3
7.0 128 122 6.3 24 31 81.3 74.6
Note: Data are partially presented in Figure 1 in Appendix B.
Results show that raw wastewater turbidity and SS varied between 125 -  128 NTU
and 122 -  143 mg/L, respectively. pH in the treated supernatant varying between 6.1 -
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6.3 was in the optimal range (5.5 -  7.0 for Al^^) for alum coagulation. The results also 
show that consistent turbidity and SS removal efficiencies were obtained for all different 
rapid mix times. The results for pH, turbidity and SS removal efficiency are presented in 
Figure 4-5. Results show that turbidity and SS removal efficiencies of about 86% and 
78% were obtained with alum rapid mix time of lOsec. There was no significant increase 
in the removal efficiencies if increasing the rapid mix time up to 80 sec.
For the rapid mix time of alum, literature suggested a rapid time of less than a
minute (usually 10 -30 sec) to several minutes (Nandy et al. 2004; Desjardins et al. 2002;
Young and Edwards 2003; Young et al. 2000). Rossini et al. (1999) found that it is
possible to obtain optimal results both with short and long mix time for alum or iron salts.
In the case of alum, it was observed that both 10 sec and 60 sec of rapid mix time with the
G value similar to that used in the present study provided the lowest values of residual
turbidity for the treatment of tarmery wastewater. But the results in Figure 4-5 did not
illustrate the similar trend. Metcalfe and Eddy (2003) suggested an instantaneous mixing
(e. g. 1 sec) based on contact-destabilization theory for coagulation of colloidal particles,
and a rapid mix time of 1 -  10 sec at least for sweep floe precipitation of metal salts.
Because the alum hydrolysis reactions follow a stepwise process, the effectiveness of
alum will vary with time. When alum is added into raw wastewater and rapidly mixed,
the alum hydrolysis species will appeared along with the increased mix time from
mononuclear species A1(H20)6̂ '̂ , A1(0 H)(H20)5̂ ,̂ A1(0 H)2(H20)4'̂  to polynuclear
species Al6(OH)i5̂ '̂ , Alg(OH)2o'*̂  , and at last to form monouclear species precipitate
A1(0H)3(H20)3 (Metcalfe and Eddy 2003). In the present study, working in the optimal
pH range (pH=6) and with alum dosage at 14.6 Al '̂ /̂L used, alum hydroxide is expected
to precipitate with sweep floe being the dominant mode for the removal of suspended
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2) Rapid mix time for alum -  adding alum and Clarifloc
Although the above results suggested that increasing rapid mix time from 1 0 - 8 0  
sec had no significant effect on process performance when using alum alone, the rapid 
mix time for alum alone may have an effect on process performance when alum was used 
in conjunction with a coagulant aid (in this case Clarifloc). In these experiments, the 
effect of rapid mix time for alum on the performance of the coagulant aid -  Carifloc 
(added subsequently) was investigated. The Clarifloc and alum dosage were fixed at 1.5 
mg/L and 14.6 mg respectively. Alum was firstly added and rapidly mixed at a G
value of 246 s'̂  for a time varing between 1 0 - 8 0  sec. After the specified alum rapid mix 
time, Clarifloc was added and rapid mixing was continued for an additional 20 sec. This 
was followed by slow mixing at a G value of 62 s'̂  for 1 min and 8 min settling. The 
results are presented in Table 4-7.


















6.7 55 112 5.9 5.5 12 90.0 89.3
10 7.1 88 96 6.2 16 25 81.8 74.0
7.0 128 122 6.0 9.3 21 92.7 82.8
6.7 55 112 5.9 2.0 4 96.4 96.4
20 7.1 88 96 6.2 6.6 12 92.5 87.5
7.0 128 122 6.0 2.6 5 98.0 95.9
6.7 55 112 5.9 1.3 3 97.6 97.3
30 7.1 88 96 6.2 2.8 3 96.8 96.9
7.0 128 122 6.0 2.3 4 98.2 96.7
6.7 55 112 6.0 1.0 1 98.2 99.1
40 7.1 88 96 6.2 2.3 3 97.4 96.9
7.0 128 122 6.0 1.6 3 98.8 97.5
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Table 4-7. (Cont.)
50
6.7 55 112 6.0 1.5 2 97.3 98.2
7.1 88 96 6.2 3.3 5 96.3 94.8
7.0 128 122 6.1 2.6 4 98.0 96.7
60
6.7 55 112 6.0 3.0 4 94.5 96.4
7.1 88 96 6.3 4.7 8 94.7 91.7
7.0 128 122 6.1 3.1 4 97.6 96.7
70
6.7 55 112 6.0 3.5 6 93.6 94.6
7.1 88 96 6.3 5.3 10 94.0 89.6
7.0 128 122 6.1 2.8 5 97.8 95.9
80
6.7 55 112 6.0 5.5 12 90.0 89.3
7.1 88 96 6.3 6.4 10 92.7 89.6
7.0 128 122 6.1 3.6 6 97.2 95.1
Note: Data are partially presented in Figure 2 in Appendix B.
During this experiments, the raw wastewater turbidity and SS varied between 55 -  
128 NTU and 96 -  122 mg/L, respectively. Table 4-7 show that the treated supernatant 
pH, varying in a narrow range (5.5 -  7.0 for Al̂ "̂ ) of 5.9 -  6.3, was in the optimal range 
for alum coagulation. The highest residual turbidity and residual SS were obtained with 
the initial rapid time 10 -20 sec while the lowest number obtained at rapid mix time of 30 
-  50 sec. The results for pH, turbidity and SS removal efficiencies are presented in Figure 
4-6. Unlike the results obtained with using alum alone (Table 4-6 and Figure 4-5), 
statistical analysis of the results presented in Figure 4-6 revealed a significant 
improvement in both turbidity and SS removal efficiencies with the rapid mix time 
increasing from 1 0 - 3 0  sec for alum when alum was used in combination with Clarifloc. 
No further significant increase in removal efficiencies was obtained with the rapid mix 
time for alum varying from 30 -  50 sec. A small but insignificant decrease in removal 
efficiencies was obtained with the rapid mix time for alum varying from 50 to 80 sec.
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solids as referred to Metcalf and Eddy (2003). Therefore, alum sweep coagulation tends 
to require a certain amount of rapid mix time. This phenomenon was observed in Figure 
4-5. A minimum rapid mix time of 10 sec for alum was required.
50 60
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Figure 4-5. Effect of rapid mix time for alum. A) pH; B) turbidity removal; C) SS 
removal. Values shown are average ± SD based on results presented in Table 
4-6.
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100
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A lu m  rap id  m bcing tim e  b e fo re  C larifloc  a d d ed  (sec )
Figure 4-6. Effect of rapid mix time (before Clarifloc was added) for alum. A) pH; B) 
turbidity removal; C) SS removal. Values shown are average ± SD based on 
results presented in Table 4-7.
As cited in section 2.3.1, the mechanism of polymer-aided flocculation involves a 
few steps (Metcalf and Eddy 2003; Yoimg et al. 2000): 1) charge neutralization and 
adsorption on the colloidal particles due to mononuclear and polynuclear alum hydrolysis 
species (e.g. A1(H20)6'^  A1(0H)(H20)5'^ A1(0H)2(H20)4^ Al6(OH)i5^^ Al8(OH)2o'' )̂
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generated within rapid mix stage. It is also possible to get charge reversal with additional 
polynuclear alum hydrolysis species; 2) inter-particle bridging and adsorption involves 
the adsorption polynuclear alum hydrolysis species and polymer species to form particle- 
polymer bridges; 3) if a sufficient dosage of alum is added, large amounts of alum 
hydroxide precipitates (A1(0 H)3(H20)3) will appear, and large floe particles will be 
formed that will settle readily. In turn, as these floe settle, they sweep through the water 
containing colloidal particles; 4) when polymer is added, the floes are thus hound by 
polymer serving as a bridge to enhance enmeshment. Colloidal particles that become 
enmeshed in sweep floes that will thus he removed from raw wastewater. Because alum 
hydrolysis reactions follow a stepwise process, forming charged reversal colloidal particle 
and alum precipitates require the certain amount of rapid mix time (minimum 10 sec 
resulted from Figure 4-5). As a result, anionic polymer (in this case Clarifloc) has to he 
added after a certain rapid mix time for alum. Results presented in Figure 4-6 show that 
timing addition of polymer (Clarifloc) after alum was rapidly mixed for minimum 30 sec 
was most effective for inter-particle bridging. Further increasing the rapid mix time for 
alum up to 80 see could not improve the effectiveness of polymer bridging any more. 
Significantly lower removal efficiency obtained with the initial rapid mix time of 10 -  30 
see for alum could be explained in that a minimum amount of rapid mix time up to 30 sec 
was required for the formation of effective alum hydrolysis species which could be 
therefore efficiently inter-particle bridged by polymer species.
In coagulation-flocculation studies using alum or ferric chloride combined with
anionic polymer as a coagulant aid, the polymer is added sometime after the addition of
alum. Alum rapid mix time varying between 10 sec -  2 min before the addition of
polymer has been selected (Desjardins et al. 2002; Young and Edwards 2003; Nacheva et
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al. 1996; Poon and Chu 1999). However, the basis for the selection of this mix time has 
not been presented. The result presented in this section provides a basis for the rapid mix 
selection. It was revealed that timing addition of polymer significantly affects the 
performance of polymer-aided coagulation-flocculation process. Figure 4-6 shows that a 
rapid mix time of 30 -  50 sec at a G value of 246 s’  ̂ for alum before the addition of 
polymer was a most effective range for the optimal performance of the coagulant aid.
Based on the above results presented in this section, a rapid mix time of 40 sec for 
alum at a G value of 246 s'* before the addition of Clarifloc was selected for the practical 
reason.
B. Rapid Mix Time for Clarifloc
Similar to the primary coagulant, the coagulant aid also need to be rapidly and 
uniformly mixed with the incoming raw wastewater for it to be effective. For this set of 
experiments, the effect of changing rapid mix time for Clarifloc following rapid time for 
alum was investigated. The Clarifloc and alum dosage were fixed at 1.5 mg/L and 14.6 
mg AI^VL, respectively. Alum was firstly added and rapidly mixed at a G value of 246 s'* 
for 40 sec based on the result presented in the last section. The rapid mix time for 
Clarifloc varied between 0 - 6 0  sec, and then followed by slow mix at a G value of 62 s'* 
for 1 min and 8 min settling. A rapid mix time of 0 sec for Clarifloc means that once 40 
sec rapid mixing for alum completed, Clarifloc was added and immediately started slow 
mix stage instead of continuing the rapid mixing. The experimental results are presented 
in Table 4-8. It can be seen that the initial turbidity and SS in raw wastewater varied 
between 59 -  117 NTU and 112 -  142 mg/L, respectively. Table 4-8 shows that pH in the 
treated supernatant varying in a narrow range of 5.9 -  6.0, was in the optimal range (5.5 -
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7.0 for Al^^) for alum coagulation. The results show that from 0 to 10 sec, the residual 
turbidity and SS in the treated supernatant significantly decreased at least half of that 
obtained with the rapid mix time of 0 sec. Beyond 10 sec rapid mix time the residual 
turbidity and SS became relatively consistent.

















6.9 99 125 6.0 5.4 11 94.5 91.2
0 7.5 116 142 6.5 4.7 10 95.9 93.0
7.5 117 142 6.4 4.0 16 96.6 88.7
6.7 59 112 5.9 1 1 98.3 99.1
5 6.9 99 125 6.0 2.6 5 97.4 96.0
7.5 116 142 6.4 2.2 4 98.1 97.2
7.5 117 142 6.5 1.9 5 98.4 96.5
6.7 59 112 5.9 1 1 98.3 99.1
10 6.9 99 125 6.0 2 5 98.0 96.0
7.5 116 142 6.5 1.8 4 98.4 97.2
7.5 117 142 6.5 2.0 3 98.3 97.9
6.7 59 112 6.0 1.5 1 97.5 99.1
15 6.9 99 125 6.0 2.3 4 97.7 96.8
7.5 116 142 6.5 1.9 4 98.4 97.2
7.5 117 142 6.5 2.0 3 98.3 97.9
6.7 59 112 6.0 1 1 98.3 99.1
20 6.9 99 125 6.0 2.1 3 97.9 97.6
7.5 116 142 6.5 1.7 1 98.5 99.3
7.5 117 142 6.5 1.8 2 98.4 98.6
6.7 59 112 6.0 1 1 98.3 99.1
30 6.9 99 125 6.1 2 4 98.0 96.8
7.5 116 142 6.6 1.8 2 98.4 98.6
7.5 117 142 6.6 1.7 2 98.5 98.6
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Table 4-8. (Cont.)
40
6.7 59 112 6.0 1 1 98.3 99.1
6.9 99 125 6.1 2 2 98.0 98.4
7.5 116 142 6.6 1.4 2 98.8 98.6
7.5 117 142 6.6 1.7 1 98.5 99.3
60
6.7 59 112 6.0 1 1 98.3 99.1
6.9 99 125 6.1 2.2 2 97.8 98.4
7.5 116 142 6.6 1.7 3 98.5 97.9
7.5 117 142 6.6 1.8 2 98.4 98.6
Note: Data are partially presented in Figure 3 in Appendix B.
The results for pH, turbidity and SS removal effieieneies are presented in Figure 4- 
7. The results show that both turbidity and SS removal effieieneies signifieantly increased 
at the initial rapid mix time from 0 to 5 sec for Clarifloc. The removal efficiencies of 
turbidity increased from 96 ± 1.0% to 98 ± 0.4% of the turbidity and SS from 91 ±2.1% 
to 97 ± 1.4%, respectively. Lower removal efficiencies but no significant difference was 
observed between 5 - 2 0  see. Further increase in rapid mix time for Clarifloe from 20 -  
60 see resulted in the removal improvement becoming relatively consistent and there was 
no significant difference found from each other of the mixing time.
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Figure 4-7. Effect of rapid mix time for Clarifloc. A) pH; B) turbidity removal; C) SS 
removal. Values shown are average ± SD based on results presented in Table 
4-8.
The destabilization of particles in raw wastewater by the polymer bridging 
mechanism includes both adsorption and inter-particle bridging (Hundt and O’Melia 
1988; Faust and Aly 1983). In order to efficiently apply the function of the adsorption and 
inter-partiele bridging contributed by the addition of polymer, a sufficient mix input and 
minimum mix time are required by the polymer to extended segments of polymer and
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thus provide effective free adsorption surface which a minimum rapid mix time of 5 sec 
for Clarifloc was observed in Figure 4-7. Visual observation during modified jar test 
experiments also confirmed that 5 sec was a must for the distinctive appearance of 
polymer-aided floes. In the present study, G value used was fixed at 246 s'* which fell 
into the optimal range proposed by Young et al. (2000) who reported that a G value in a 
range of 200 -  400 s’* only has a slightly impact to the performance of polymer-aided 
coagulation-flocculation. Therefore, results presented in Figure 4-7 suggest that rapid mix 
time for Clarifloc beyond 5 sec would not impact to the process performance. In 
literature. Fan et al. (1999) and Young and Edwards (2003) have used the rapid mix time 
of 10 sec for the coagulant aid in their studies. But the reason for the selection of this 
rapid mix time was not given out. In the present study, the rapid mix time of 20 sec was 
selected for Clarifloc for the practice purpose following a rapid mix time of 40 sec for 
alum during the rapid mix stage.
C. Slow Mix Time
The function of slow mix time has been described in section 2.3.3. The physical- 
chemical process associated with flocculation is slow mixing when particles slowly 
aggregate and form settleahle floes. Its main purpose is to provide a minimum hydraulic 
condition to keep particles suspended and thus increase particle collision frequency. To 
select the most efficient slow mix time, three sets of modified jar tests were conducted 
varying the slow mix time (t= 1, 3, 5, 10 min). The Clarifloc and alum dosage were fixed 
at 1.5 mg/L and 14.6 mg Ap^/L, respectively. A rapid mix time of 40 sec for alum and 20 
sec for Clarifloc at a G value of 246 s'* were used and then followed by the specified slow 
mix at a G value of 62 s'* and 8 min settling. The experimental results are presented in
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Table 4-9. It can be seen that the initial turbidity and SS in raw wastewater varied 
between 5 3 -  133 NTU and 115 -  169 mg/L, respectively. Table 4-9 shows that pH in the 
treated supernatant varying in a narrow range of 6.1 -  6.3, was in the optimal range (5.5 -
7.0 for Al̂ "̂ ) for alum coagulation. The results show that with the lager variability of 
initial turbidity and SS, the residual turbidity and SS in the treated supernatants kept 
consistent across the entire slow mix time examined. Both turbidity and SS removal 
efficiencies was varied in a narrow range.


















7.0 53 115 6.2 1.5 3 97.2 97.4
1 7.2 131 165 6.1 2.7 4 97.9 97.6
1 7.2 133 169 6.1 2.4 3 98.2 98.2
7.0 53 115 6.2 2 4 96.2 96.5
3 7.2 131 165 6.1 2.5 3 98.1 98.2
7.2 133 169 6.1 2.5 3 98.1 98.2
7.0 53 115 6.3 2.7 6 94.9 94.8
5 7.2 131 165 6.1 2.6 3 98.0 98.2
7.2 133 169 6.1 2.6 4 98.0 97.6
7.0 53 115 6.2 3.0 7 94.3 93.9
iO 7.2 131 165 6.2 2.7 3 97.9 98.2
7.2 133 169 6.2 3.0 3 97.7 98.2
Note: Data are partially presented in Figure 4 in Appendix B.
The results for pH, turbidity and SS removal efficiencies based on the data
presented in Table 4-9 are presented in Figure 4-8. The removal efficiencies of turbidity
of 98 ± 0.5% and SS of 98 ± 0.3% were obtained at the 1 min slow mixing. The results of
statistical analysis revealed that there was no significant difference found from each
specified mix time. The results show that a slow mix time of 1 min for alum/Clarifloc
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coagulation-flocculation process was sufficient. In the studies of polymer-aided 
coagulation-flocculation process, 2 min slow mix time or less was typically used in the 
real-scale water treatment (Desjardins et al. 2002; Booker et al. 1996). Fan et al. (1999) 
found that optimal slow mix duration for polymer-aided coagulation-flocculation was at 1 
to 2 min to treat storm water runoff samples. Conventional flocculation typically designed 
slow mix time for more than 1 0 - 3 0  min due to its critical importance to provide enough 
time for floes aggregation to make size and density increased, and thus improve settling. 
Flowever, such short slow mix time found in the present study could attribute to the 
higher efficiency of the adsorption and inter-particle bridging resulted from addition of 
polymer. Therefore, the advantage of the use of the organic polymer as a coagulant aid 
can significantly shorten slow mixing time. Comparing the slow mix time with 
conventional process, the reduction of slow mix time to less than 1 min might positively 
contribute to the improvement of overall process hydraulic conditions.
69
















1 3 5 7 
S lo w  m ix in g  tim e  (sec)
9 11
- »  I  I  ^
1 3 5 7 
S lo w  m ix in g  tim e  (sec)
9 11
^  -w r
' ............. 1 1 1 1 1
5 7
S low  m ix in g  tim e  (sec)
11
Figure 4-8. Effect of slow mix time. A) pH; B) turbidity removal; C) SS removal. Values 
shown are average ± SD based on results presented in Table 4-9.
4.2.2 Selection of Chemical Dosages
A. Selection of Alum Dosage
Once the process operating conditions were established. The alum dosage range 
was investigated without Clarifloc addition by applying the established operating 
conditions. For these experiments, the rapid mix time for alum was fixed and then
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followed by 1 min slow mix at a G value of 62 s'* and 8 min settling. The dosage of alum 
varying in a range of 8.1 to 19.6 mg Al^^/L was investigated. The experimental results are 
presented in Table 4-10. The initial turbidity and SS in raw wastewater varied between 49 
- 1 1 8  NTU and 94 -  164 mg/L, respectively. Table 4-10 shows that pH in the treated 
supernatant varying in a range of 6.1 -  7.2, was a little bit deviated from the optimal 
range (5.5 -  7.0 for Al^^) for alum coagulation. Similar to the results obtained in section 
4.1.2, the results presented in Table 4-10 show that residual turbidity and SS in the treated 
supernatant was affected by the raw wastewater quality. The higher removal efficiencies 
of turbidity and SS were obtained with those raw wastewater samples containing the 
higher initial turbidity and SS concentration.
Table 4-10. Effect of alum dosage under the established operating conditions.
Alum 
dosage 
mg A f  TL














6.8 49 94 6.3 18 43 63.3 54.3
7.3 118 129 7.0 23 33 80.5 74.4
7.3 118 126 7.2 23 27 80.5 78.6
9.7
6.8 49 94 6.3 18 43 63.3 54.3
7.3 118 126 7.0 17 23 85.6 81.7
7.3 118 129 7.0 24 29 79.7 77.5
11.3
6.8 49 94 6.2 16 36 67.3 61.7
7.1 114 164 6.8 22 33 80.7 79.9
7.3 118 126 7.0 19 21 83.9 83.3
7.3 118 129 6.9 17 25 85.6 80.6
13.0
6.8 49 94 6.2 15 34 69.4 63.8
7.1 114 164 6.7 19 34 83.3 79.3
7.3 118 126 6.8 16 20 86.4 84.1
7.3 118 129 6.9 21 26 82.2 79.8
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Table 4-10. (Cont.)
14.6
6.8 49 94 6.1 14 33 71.4 64.9
7.1 114 164 6.7 18 33 84.2 79.9
7.3 118 126 6.7 16 22 86.4 82.5
7.3 118 129 6.9 16 24 86.4 81.4
16.2
6.8 49 94 6.0 14 32 71.4 66.0
7.1 114 164 6.6 19 33 83.3 79.9
7.3 118 126 6.8 16 24 86.4 81.0
7.3 118 129 6.7 14 24 88.1 81.4
17.8
6.8 49 94 5.9 14 35 71.4 62.8
7.3 118 126 6.6 13 26 89.0 79.4
7.3 118 129 6.7 14 20 88.1 84.5
19.5
6.8 49 94 5.9 14 41 71.4 56.4
7.3 118 126 6.6 14 22 88.1 82.5
7.3 118 129 6.6 13 27 89.0 79.1
Note: Data are partially presented in Figure 5 in Appendix B.
The results for pH, turbidity and SS removal efficiency are presented in Figure 4-9. 
The results show that a removal asymptotic approached to be steady value for alum 
dosage tested from 8.1 -  19.6 mg instead of a parabola with a maximum turbidity
removal. This could attribute to the formation of alum hydroxide precipitated due to the 
overdosing. The relatively consistent removal efficiency was achieved by the physical 
enmeshment of colloidal particles within the alum sweep floes. The results show that 
significant removal efficiencies for both turbidity and SS were achieved when alum 
dosage was increased from 8.1 to 11.3 mg Al^’̂ /L. There is no significant difference found 
between 11.3 and 16.2 mg AP^/L. Further increasing dosage, a small but insignificant 
increase in turbidity removal efficiencies was obtained with the alum dosage vary from
16.2 and 19.5 mg Al^^/L. On the contrary, significant decrease in SS removal efficiencies 
was observed at the same dosage range. Alum dosage range between 11.3 and 16.2 mg 
Al '̂ /̂L was established for the coagulation-flocculation process.
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Figure 4-9. Effect of alum dosage under established operating conditions. A) pH; B) 
turbidity removal; C) SS removal. Values shown are average ± SD based on 
results presented in Table 4-10.
The studies on the alum dosage range for wastewater treatment can be found in a lot 
of literature (Nandy et al. 2003; Tatsi et al. 2003; Pinotti and Zaritzky 2001). However, 
because the characteristics of wastewater are different from each other in several ways: 
sources contribution, collection system and particulate matter et al. These factors are 
likely to affect both coagulant demand and coagulation-flocculation behavior. Therefore,
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the selection of alum dosage should base on case by case. In the present study, an alum 
dosage of 14.6 mg Al^^/L was selected for the further experiments.
B. Selection of Clarifloc Dosage
For these experiments, the process operating conditions establish in Section 4.2.1 
were applied. A rapid mix time of 40 sec for alum and 20 sec for Clarifloc at a G value of 
246 s'* were used and then followed by the slow mix for 1 min at a G value of 62 s'* and 8 
min settling. The alum dosage was fixed at 14.6 mg Ap'^/L. The dosage of Clarifloc 
varying between 0 (no Clarifloc) -  2.0 mg/L was investigated. The results are presented 
in Table 4-11. The initial turbidity and SS in raw wastewater varied between 50 -  138 
NTU and 84 -  170 mg/L, respectively. Table 4-11 shows that pH in the treated 
supernatant varying in a narrow range of 6.1 -  6.5, was in the optimal range (5.5 -  7.0 for 
Al^^) for alum coagulation. The highest residual turbidity and SS in the treated 
supernatant were obtained without Clarifloc addition. Adding Clarifloc as a coagulant aid, 
the results of the residual turbidity and SS showed the polymer-aided coagulation- 
flocculation process were very efficient to treat raw wastewater with higher variable 
concentration of suspended solids and turbidity. The residual turbidity and residual SS 
dropped more than half when the raw wastewater samples were treated with alum in 
conjunction with Clarifloc.
Table 4-11. Effect of Clarifloc dosage under operating conditions
Clarifloc Raw wastewater Treated supernatant Percent removal
dosage pH Turbidity SS pH Turbidity SS Turbidity SS
mg/L NTU mg/L NTU mg/L % %
6.9 50 117 6.4 11 21 78.0 82.1
0 6.9 70 84 6.4 11 24 84.3 71.4
6.7 138 170 6.2 14 26 89.9 84.7
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Table 4-11. (Cont.)
0.5
6.9 50 117 6.4 5.8 12 88.4 89.7
6.9 70 84 6.3 5.8 12 91.7 85.7
6.7 138 170 6.2 5.5 7 96.0 95.9
0.8
6.9 50 117 6.4 4.3 8 91.4 93.2
6.9 70 84 6.3 5.3 9 92.4 89.3
6.7 138 170 6.2 4.1 5 97.0 97.1
1.0
6.9 50 117 6.4 3.4 4 93.2 96.6
6.9 70 84 6.4 3.9 6 94.4 92.9
6.7 138 170 6.1 3.0 3 97.8 98.2
1.2
6.9 50 117 6.4 3.2 2 93.6 98.3
6.9 70 84 6.4 3.8 4 94.6 95.2
6.7 138 170 6.2 2.1 2 98.5 98.8
1.5
6.9 50 117 6.4 2.2 1 95.6 99.1
6.9 70 84 6.3 3.5 3 95.0 96.4
6.7 138 170 6.5 3.6 3 97.4 98.2
1.8
6.9 50 117 6.4 3.0 3.5 94.0 97.0
6.9 70 84 6.5 4.2 3 94.0 96.4
6.7 138 170 6.2 4.3 5 96.9 97.1
2.0
6.9 50 117 6.4 3.3 3.5 93.4 97.0
6.9 70 84 6.5 4.5 5 93.6 94.0
6.7 138 170 6.1 4.6 7 96.7 95.9
Note: Data are partially presented in Figure 6 in Appendix B.
The results for pH, turbidity and SS removal effieieney are presented in Figure 4-
10. The results show that both removal effieieneies of turbidity and SS were significantly 
improved with Clarifloc dosage increased from 0 to 1.0 mg/L. Increasing Clarifloc dosage 
from 0.5 to 1.0 mg/L improved turbidity and SS removal efficiencies by almost 7% as 
compared to about 14% from 0 to 0.5 mg/L. The significant removal efficiencies of 92 ± 
2.9% of turbidity and 96 ± 2.2% of SS were achieved at a Clarifloe dosage beyond 1.0 
mg/L as compared to about 78% obtained with alum alone (see Figure 4-9). The results 
show that further increasing the anionic polymer dosage from 1.0 to 1.8 mg/L in
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conjunction with alum addition led to no significant change in removal efficiency. This 
might be due to so-called overdosing phenomenon (Metcalf and Eddy 2003). In these 
experiments, the alum dosage was fixed; therefore only a certain amount of alum 
hydroxide precipitates was produced and available. Adding excess polymer dosage could 
not help further improve the adsorption and inter-particle bridging of suspended solids.
0.0 0.5 1.0 1.5
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Figure 4-10. Effect of Clarifloc dosage under established operating conditions. A) pH; B) 
turbidity removal; C) SS removal. Values shown are average ± SD based on 
results presented in Table 4-11.
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The optimal dosage in the polymer-aided coagulation-flocculation process has been 
reported in Literature. The results for the treatment of sewage wastewater generated from 
municipalities show that increasing anionic polymer dosage from 0.2 to 1.5 mg/L in 
conjunction with FeCls addition enhanced the removal efficiency of turbidity and SS 
(Nacheva et al. 1996; Poon and Chu 1999). Fan et al. (1999) found that 1 mg/L of the 
organic polymer as the coagulant aid combined with 40 mg/L of ferric chloride yielded 
the best turbidity removal for the treatment of storm water runoff. Young and Edwards 
(2003) summarized the concentration of polymer used as a coagulant aid in wastewater 
treatment. The summary revealed that the typical dosage of coagulant aid ranged from 0.5 
- 1.3 to 10 mg/L depending on the characteristic of raw wastewater. But the relatively 
high dosage was used in the pilot-scale tests in most cases.
Based on these experiments, an optimal Clarifloe dosage range between 1.0 -  1.5 
mg/L was established. The dosage of 1.5 mg/L was selected for further process 
performance experiments.
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4.2.3 Summary
The operating conditions and chemical dosage for the process design obtained from 
modified jar test results can be summarized as follows;
1. Rapid mix time of 1 minute was established at a G value of 246 s'̂  while slow
mix time of 1 minute at a G value of 62 s'*.
2. The addition of Clarifloc was delayed to 40 sec after the addition of alum during 
the rapid mix stage.
3. The dosage range of alum from 11.3 -  16.2 mg/L and the dosage range of
Clarifloc from 1.0 -1.5 mg/L was found most effective. The combination of
14.6 mg A^^fL  of alum and 1.5 mg/L of Clarifloe was selected.
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4.3 Effect of MC on the Process Performance
The studies conducted have shown that the addition of MC could flirther enhance
both the removal efficiencies of chemically conditioned floes and their settleability 
(USEPA 1999; Desjardins et al. 2002; De Dianous and Demaucourt 1991). However, the 
studies of the operating conditions for MC have not been addressed very well.
In the present study, a series of experiments were conducted to evaluate and 
understand the effect of addition of MC on the performance of the coagulation- 
flocculation process designed in section 4.2. The grade size distribution of MC used is 
described in section 3.1.3. The MC variables examined included MC concentration, MC 
size range and the timing addition of MC as detailed in section 3.2.4C. To evaluate the 
effect of MC size, MC was added either using MC as supplied or in the size range of 75 -  
150 pm and 150 -  250 pm. This two size fractions were obtained from the supplied MC 
by sieving.
4.3.1 Effect of Addition of MC
To assess the effect of addition of MC, the settleability of chemically conditioned 
floes obtained with MC addition was compared with that of chemically conditioned floes 
without MC addition and suspended solids in raw wastewater (imtreated). Chemically 
conditioned floes were obtained by using the modified jar test procedure and process 
operating conditions designed in section 4.2.1. Alum and Clarifloc dosage of 14.6 mg 
Al^^/L and 1.5 mg/L as selected in section 4.2.2 were used. A slow mix at a G value of 62 
s'* for 1 min was employed. MC (if applied) was added together with Clarifloc. Settling 
velocity (surface loading rate) corresponding to each settling time was calculated and 
plotted against percent turbidity remaining in Figure 4-11 as per procedure described in
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section 3.2.4C. The three trend lines present the results of the settling rate distribution of 
the three alternatives including the raw wastewater (untreated), chemically conditioned 







Settling velocity, Vs (m/hr)
Figure 4-11. Comparison of suspended solids (floes) settling velocity.
During these experiments, the initial turbidity in the raw wastewater ranged from 49 
-  120 NTU with an average of 91 NTU. pH in the treated supernatant varying between 
6.1 -  6.6 was in the optimal range (5.5 -  7.0 for Al^^) for alum coagulation. At an 
equivalent surface loading rate of 6 m/hr, the raw wastewater showed the poorest 
settleability with approximately 90% of turbidity being non-settleable. On the contrary.
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for chemically conditioned floes (without MC added) and chemically conditioned floes 
(with MC) only approximately 8% and 2% of turbidity could not settle.
The results show that the coagulation-flocculation process developed in the present
study was very effective in the removal of suspended solids from the raw wastewater. At
a surface loading rate of 6 m/hr, only 10% of the turbidity in the raw wastewater (without
treatment) is expected to be removed, which would not be significant to meet even the
requirement of 50% suspended solids removal stipulated in the Ministry of Environment
F-5-5 guideline. In contrast, 92% of the turbidity was expected to be removed at the same
surface loading rate for the raw wastewater treated with the designed coagulation-
flocculation process. Statistical analysis of the results presented in Figure 4-11 reveal that
at a surface loading rate of 6 m/hr, about 98% of the turbidity is expected to be removed
in the treatment with MC addition, which is significantly higher than the approximately
92% of turbidity removal expected in the treatment without MC addition. It is believed
that the settling velocity of suspended solids is greatly influenced by both their size and
density. Suspended organic matter in raw wastewater may be expected to have a density
close to 1 kg/L, whereas the density of MC can be assumed to be approximately 2 kg/L.
The silica sand used in the present study as MC can be assumed to be chemically inert
and is not expected to participate in the ehemistry of the coagulation-flocculation reaction
(Young and Edwards 2003). The presence of additional particles provided by MC is
expected to enhance the kinetics of floe formation (Young and Edwards 2003), and thus
leading to increase in size and density of the floes formed. The higher density, because of
introduction of MC to the floe matrix and/or large size of floes formed, is believed to be
responsible for the improved settleability of the suspended solids presented in Figure 4-
11. The results also show that the addition of MC can further enhance the settleability of
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the suspended solids. This suggests that the designed process assisted by MC will be able 
to sustain much higher surface loading rates while maintaining similar solids removal 
efficiency to that obtained with the designed process. Though MC assisted coagulation- 
flocculation process has been used for more than a decade in water treatment industry, its 
application for the treatment of wastewater is very limited. The success of MC in 
enhancing the settleability of suspended solids observed in the present study as applied to 
the treatment of wet or dry weather flow in Windsor agree with the results of the few 
other studies conducted by using different coagulants and wastewater (USEPA 1999; De 
Dianous and Demaucourt 1991; Desjardins et al. 2002).
4.3.2 Effect of MC Concentration
To select MC concentration for the designed process, modified jar test experiments 
were conducted using 1 L raw wastewater samples and operating conditions resulted from 
section 4.2. During these experiments, alum and Clarifloc dosage of 14.6 mg Al̂ "̂ /L and 
1.5 mg/L as selected in section 4.2.2 were used. A rapid mix time for 1 min at G value of 
246 s’* and slow mix at a G value of 62 s’* for 1 min were employed. MC was added 
together with Clarifloc and the treated wastewater settled for 8 min. The MC 
concentration was varied from 0 (no MC) to 10 g/L. Turbidity, SS and pH of the treated 
supematant were measured. Results are presented in Table 4-12. During these 
experiments, results show that pH in the treated supematant varying between 6.1 -  6.6 
was in the optimal range (5.5 — 7.0 for Al̂ '*’) for alum coagulation. Raw wastewater 
turbidity and SS varied between 53 -  90 NTU and 89 -  157 mg/L, respectively. Despite 
this variability. Table 4-12 shows that the residual turbidity and SS in the treated
8 2
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supematant varied over a narrow range of 1 -  3 NTU and less than 4 g/L, respectively for 
all treatments which indicates the robustness of the designed process.


















6.6 53 132 6.1 2 3 96.2 97.7
7.1 70 89 6.4 1.7 4 97.6 95.5
7.3 90 157 6.6 1.6 3 98.2 98.1
1
6.6 53 132 6.0 1.6 4 97.0 97.0
7.1 70 89 6.4 1.6 2 97.7 97.8
7.3 90 157 6.6 1.6 2 98.2 98.7
3
6.6 53 132 6.0 2.2 3 95.8 97.7
7.1 70 89 6.4 1.3 1 98.1 98.9
7.3 90 157 6.6 1.6 2 98.2 98.7
5
6.6 53 132 6.0 1.8 2 96.6 98.5
7.1 70 89 6.4 1.0 1 98.6 98.9
7.3 90 157 6.6 1.2 1 98.7 99.4
8
6.6 53 132 6.1 2 2 96.2 98.5
7.1 70 89 6.4 1.0 1 98.6 98.9
7.3 90 157 6.6 1.0 1 98.9 99.4
10
6.6 53 132 6.1 1.4 2 97.4 98.5
7.1 70 89 6.4 1.6 2 97.7 97.8
7.3 90 157 6.6 1.1 2 98.8 98.7
Note: Data are partially presented in Figure 1 in Appendix C.
The combined results of pH, turbidity and SS removal efficiencies for the data 
presented in Table 4-12 are illustrated in Figure 4-12. Figure 4-12 shows that more than 
95% turbidity and SS removal efficiencies were obtained with all treatments (with or 
without MC addition). Visual observation showed more rapid settling of solids in 
treatments which included MC. However, statistical analysis of the data presented in
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Figure 4-12 shows that after 8 minutes of settling, there was no significant difference 
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Figure 4-12. Effect of MC concentration on the process performance. A) pH; B) turbidity 
removal; C) SS removal. Values shown are average ± SD based on results 
presented in Table 4-12.
To further evaluate the visual observation that the addition of MC significantly 
improves the settleability of suspended solids, preliminary settleability experiments were
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conducted using 2 L raw wastewater samples and monitoring the change of turbidity with 
elapsed time by using Gator jar as explained in section 3.2.4C. The operating conditions 
as designed in section 4.2.1 were applied. Alum and Clarifloc dosage of 14.6 mg A^^fL  
and 1.5 mg/L as selected in section 4.2.2 were used. The concentration of MC varied 
between 0 (no MC) -  5 g/L. The supematant samples were drawn from 10 cm sampling 
port, and turbidity was measured at time intervals of 1 - 10 min. Results are presented in 
Table 4-13 in terms of turbidity ranges in the treated supematant and average turbidity 
removal efficiency with the precision.
Table 4-13. Effect of MC concentration on the treated supematant and turbidity removal 
efficiency. Turbidity removal efficiencies shown as average ± SD.
MC concentration



















N T U % N T U % N T U % N T U %
1 min 11-2.3 92 ± 2.4 1 .0-4 .6 9 7 ±  1.1 0 .5 -3 .3 98 ± 0.7 0 .5 -1 .8 99 ± 0.4
2 min 0.5- 2.0 94 ± 1 .9 0 .9 -3 .5 98 ± 0 .7 0 .5 -2 .2 99 ± 0.6 0 .5 -1 .4 99 ± 0.4
5 min 0.7- 1.7 98 ± 0.4 0.6- 1.6 99 ± 0.3 0.4- 1.6 99 ± 0.5 0 .4 - 1.4 99 ± 0.4
10 min 0.5- 0.9 99 ± 0.4 0 .4 -0 .8 99 ± 0.2 0 .3 -0 .9 99 ± 0.5 0 .4 -0 .9 99 ± 0.4
Note: Data are partially presented in Figure 2 in Appendix C.
During these experiments, the initial turbidity in the wastewater ranged from 49 -  
120 NTU with an average value of 91 NTU. pH in the treated supernatant varying 
between 6.0 -  6.4 was in the optimal range (5.5 -  7.0 for Al̂ "̂ ) for alum coagulation. 
Similar to the results presented in Table 4-12, Table 4-13 shows that turbidity removal 
efficiencies obtained with or without MC addition after 10 min of settling were not 
significantly different from each other.
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Figure 4-13. Effect of MC concentration on floc settling velocity (based on results 
presented in Table 4-13).
Settling velocity (surface loading rate) corresponding to each settling time was 
calculated and plotted against percent turbidity remaining in Figure 4-13 as per procedure 
described imder section 3.2.4C. Comparing the result for a settling time of 1 min 
(corresponding to settling velocity of 6 m/hr in Figure 4-13), it is observed that there is a 
significant increase in settleability of suspended solids (as expected by the turbidity 
removal efficiency) with increase the MC concentration from 0 to 3 g/L. Further, increase 
in MC concentration from 3 to 5 g/L had no significant effect on turbidity removal 
efficiency (or settleability of suspended solids). The results suggest as MC concentration 
is increased from 0 to 3 g/L, more MC is incorporated with the chemical floes generated, 
which results in increase of size and/or density of the floes, thereby contributing to higher
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settling velocity. Further, it seems that 3 g/L MC is close to a threshold (or optimum) 
concentration for the effectiveness of MC chosen in the present study. MC added in 
excess of 3 g/L (as observed for 5 g/L) is probably not incorporated with the floes, and 
thus resulting in no further improvement in the settling of suspended solids. Similar 
threshold effect was observed by Young and Edwards 2003 who suggested that this 
threshold (or optimum) concentration of MC might be a function of influent turbidity, 
coagulant dosage and polymer dosage. The increase in MC concentration even caused the 
higher turbidity remaining in the treated supematant (Young and Edwards 2003). 
However, this phenomenon was not observed in the present study.
4.3.3 Effect of MC Size
To evaluate the effect of MC size on the process performance and chemically 
conditioned floc settling velocity, MC size was divided into three fractions: MC as 
supplied (size range as detailed in Figure 3-1), small size 7 5 -  150 pm, and large size 150
-  250 pm. Correspondingly, three sets of Gator jar tests were conducted using 2 L raw 
wastewater samples and monitoring the change of turbidity with elapsed time as 
explained in section 3.2.4C. Alum and Clarifloc dosage of 14.6 mg Al^^/L and 1.5 mg/L 
as selected in section 4.2.2 were used. The concentration of MC used was fixed at 3 g/L 
and added together with Clarifloc. A rapid mix time for 1 min at a G value of 246 s'̂  and 
a slow mix at a G value of 62 s’  ̂for 1 min was employed. The supematant samples were 
drawn from 10 cm sampling port, and turbidity was measured at time intervals of 1 - 10 
min. During these experiments, the initial turbidity in the raw wastewater ranged from 72
-  200 NTU. pH in the treated supematant varying between 6.1 -  6.6 was in the optimal 
range (5.5 -  7.0 for Al̂ "̂ ) for alum coagulation. The results are presented in Table 4-14.
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Since the small size fraction would have more number of particles for the same mass than 
large size fraction, it is expected to be have better collision efficiency and get more easily 
incorporated in the chemical floes, leading to larger density and improved settleability of 
the floes or lower residual turbidity at a given settling time. The results presented in Table 
4-14 seem to conform to this expectation. The treated supernatant turbidities obtained 
with the small size fraction were slightly lower than obtained vvdth the large size fraction 
for all settling times examined. More importantly, however, the results show at 3 g/L MC 
concentration used, the small difference in terms of turbidity removal efficiencies 
obtained with MC as supplied and the other two size fractions was not statistically 
significant. In economic term, its means that the MC used in the present study could be 
efficiently used as it is and the additional cost associated with obtaining the small size 
fraction from the MC applied is unnecessary.
Table 4-14. Effect of MC size (adding 3g/L MC) on turbidity removal efficiency.
Turbidity removal efficiencies shown as average ± SD.
Size range MC as supplied Small size fraction Large size fraction

















NTU NTU % NTU % NTU %
1 min 72 - 200 1 .3 -2 .6 99 ± 0.2 0 .8 -1 .3 99.4±0.1 1.1 - 2 .5 99 ±0.1
2 min 72 - 200 0.9 - 2.0 99.3±0.1 0 .8 -1 .0 99.4±0.1 0 .8 -1 .9 99.3±0.1
5 min 72 - 200 0 .8 -1 .6 99.5± 0.1 0 .6 -1 .0 99.6±0.0 0 .8 -1 .5 99.4±0.1
10 min 72 - 200 0 .6 -1 .3 99.5± 0.1 0 .6 -1 .0 99.6±0.1 0.6 -1.1 99.5±0.1
Note: size range as detailed in Figure 3-1.
Only a limited number of studies were reported in literature on the effect of MC 
size on process performance and the results reported were either limited, contradictory or 
inconclusive. With MC concentration of 3 g/L, USEPA 1999 reported lower residual
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turbidity obtained with the large MC size fraction (150 -  250 |^m) than that with the small 
size fraction (53 -  150 )o.m). However the results was found to be fine with MC 
concentration of 10 g/L. Working with different MC size fractions (44 -  75 jam, 75 -  110 
|am, 110 -  210 |j,m and 210 -  200 |J,m), Young and Edwards (2003) have reported a slight 
increasing trend in residual turbidity obtained with reduced particle size, which is 
contrary to the results obtained in the present study. However, the higher turbidity values 
with small particles were attributed to residual MC particles in suspension and the results 
were therefore considered as inconclusive (Young and Edwards 2003).
4.3.4 Effect of Timing Addition of MC
The experiments detailed in section 3.2.4.C were conducted in triplicate to examine 
the effect of timing addition of MC on the process performance. Two alternatives were 
examined: adding MC with the primary coagulant (alum) at the initial mixing time and/or 
adding MC together with the coagulant aid (Clarifloc). The dosage of Clarifloc and alum 
was fixed at 1.5 mg/L and 14.6 mg Al^’̂ /L, respectively. The rapid mix time for 1 min and 
a slow mix time for 1 min were employed. The supernatant samples were drawn from 10 
cm sampling port, and turbidity was measured at time intervals of 1 - 10 min. During 
these experiments, the initial turbidity in the raw wastewater varied between 75 -  105 
NTU with an average of 90 NTU. pH in the treated supernatant varying between 5.9 -  6.5 
was in the optimal range (5.5 -  7.0 for Ap^) for alum coagulation. The results are 
presented in Table 4-15. The results show that there was no significant difference in 
turbidity removal efficiency with either MC added with alum or with Clarifloc. The 
results seem to confirm the hypothesis (Young and Edwards 2003) that the silica sand 
used as MC is relatively inert and does not change the chemistry of coagulation-
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flocculation reaction. Further, the results suggest that MC is incorporated in the 
chemically conditioned floes during inter-particle bridging following the addition of 
polymer (Clarifloc), which may explain the insignificant change in process performance 
observed when MC is added earlier (together with alum).
Table 4-15. Effect of timing addition of 3 g/L MC on turbidity removal efficiency. Values 
shown are average ± SD.
Adding MC together 
with alum
Adding MC together 
with Clarifloc
Settling time Initial turbidity Turbidity removal Turbidity removal
NTU % %
1 min 9 0 ±  15 95.9 ± 0.9 95.8 ± 1.0
2 min 9 0 ±  15 96.7 ± 0 .6 96.6 ± 0 .9
5 min 90 ± 15 98.4 ± 0.2 98.2 ±0 .6
10 min 9 0 ±  15 98.9 ±0.1 98.8 ±0.1
4.3.5 Summary
The studies on the effect of the addition of MC on the designed process 
performance and the floe settleability using alum and Clarifloc revealed:
1) The addition of MC significantly enhanced the process performance through the 
improvement of settling velocity of chemically conditioned floes. Using a high 
MC concentration (3 or 5 g/L) yielded a better-settled supernatant than using a 
lower MC dosage. With 8 min of settling, the addition of MC did not have any 
effect on the turbidity and SS removal.
2) There were no significant differences among the MC as supplied, small size 
fraction of 75 -  150 pm and large size fraction of 1 5 0 - 2 5 0  pm in terms of 
turbidity removal efficiencies.
3) Either adding MC with alum or adding MC with Clarifloc is not significantly 
different in terms of turbidity removal efficiencies.
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4.4 Effect of Dosage Combinations on the Process Performance
In the results presented in section 4.2.2 for the designed coagulation-floeculation
process, alum dosage was selected without the addition of Clarifloc. In section 4.2.3,
Clarifloc dosage was selected while maintaining alum dosage at 14.6 mg Ap'^/L as
selected in section 4.2.2. It has been reported that the addition of a polymer (in this case
Clarifloc) as a coagulant aid can help lower the required alum while maintaining the
equivalent process performance (Prendiville and Chung 1992). Experiments were
therefore conducted using the modified jar test procedure to examine the effect of the
Clarifloc/alum dosage combination required for effective coagulation-floeculation using
the designed process. Four different alum and Clarifloc dosage combinations were used
as detailed in Table 3-3. The process performance and floe settleability obtained with
14.6 mg AI^Vl  alum and 1.5 mg/L Clarifloc dosage (referred to as combination 4 in
Table 4-16 and selected in sections 4.2.2 and 4.2.3) were compared against that obtained
with the other combinations (with lower alum dosage). With reduction in alum dosage, it
is expected that the amount of metal hydroxide precipitates produced would reduce, and
therefore this should require less polymer for inter-particle bridging. Based on this
assumption, Clarifloc dosage used with lower alum dosage of 11.3 and 7.3 mg Al^^/L in
combinations 2 and 3 were lowered up to 1.0 and 0.7 mg/L, based on the reduced alum
dosage and the ratio between alum and Clarifloc dosage in combination 4. Combination 1
is based on the typical ratio of alum and Clarifloc dosages that is eurrently being used at
LRWRP, Windsor for enhancement of process performance in the primary sedimentation
unit. Therefore, combination 1 was included for comparison. To compare the process
performance, three sets of modified jar tests with settling times of 2, 5 min were
conducted in triplicate. In these experiments, a fixed MC concentration of 3 g/L was used
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and added together with Clarifloc. Process operating conditions, a rapid mix at a G value 
of 246 s'* for 1 min and a slow mix at a G value of 62 s'* for 1 min developed in section 
4.2.1, were employed. The treated wastewater settled for a specified time (2 or 5 min). 
Turbidity, SS and pH of the treated supernatant were measured. Results are presented in 
Table 4-16 for 2 min settling and Table 4-17 for 5 min settling, respectively. During these 
experiments, results show that pH in the treated supernatant varying between 6.2 -  6.8 
was in the optimal range (5.5 -  7.0 for for alum coagulation. For each settling time, 
raw wastewater turbidity and SS were presented in Table 4-18.
Table 4-16. Effect of dosage combinations on process performance using 2 min settling 
time.














7.1 90 105 6.6 4.6 8 94.9 92.4
7.1 120 129 6.3 13 20 89.2 84.5
7.1 119 138 6.8 15 24 87.4 82.6
2
7.1 90 105 6.6 1.6 2 98.2 98.1
7.1 120 129 6.5 2.9 6 97.6 95.3
7.1 119 138 6.7 2.3 3 98.1 97.8
3
7.1 90 105 6.5 1.2 4 98.7 96.2
7.1 120 129 6.6 2.4 4 98.0 96.9
7.1 119 138 6.6 2.5 4 97.9 97.1
4
7.1 90 105 6.3 1.8 1 98.0 99.0
7.1 120 129 6.5 2.1 4 98.3 96.9
7.1 119 138 6.5 2.7 4 97.7 97.1
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Table 4-17. Effect of dosage combinations on process performance using 5 minutes 
settling time.














6.7 80 118 6.6 5.3 8 93.4 93.2
7.1 144 281 6.7 5.1 8 96.5 97.2
7.1 150 329 6.8 4.7 10 96.9 97.0
2
6.7 80 118 6.6 2.1 1 97.4 99.2
7.1 144 281 6.6 1.7 1 98.8 99.6
7.1 150 329 6.7 1.7 1 98.9 99.7
3
6.7 80 118 6.5 2.0 1 97.5 99.2
7.1 144 281 6.6 1.2 1 99.2 99.6
7.1 150 329 6.4 1.3 1 99.1 99.7
4
6.7 80 118 6.3 1.8 1 97.8 99.2
7.1 144 281 6.4 1.8 1 98.8 99.6
7.1 150 329 6.2 1.3 1 99.1 99.7
Tables 4-16 and 4-17 show that whether 2 min or 5 min settling, the results 
obtained with combination 2, 3 and 4 were distinctively superior to those obtained with 
combination 1. The turbidity and SS removal efficiencies for the various combinations 
presented in Tables 4-16 and 4-17 are summarized in Table 4-18. Statistical comparison 
of data presented in Table 4-18 reveals that both turbidity and SS removal efficiencies 
obtained with using combination 1 (currently used in LRWRP) were significantly lower 
than those obtained with combination 2, 3 and 4. Further, turbidity and SS removal 
efficiencies obtained with combination 2, 3 and 4 were not significant different from each 
other. This means that with addition of polymer (in this case Clarifloc), the dosage of 
alum could be reduced while maintaining the equivalent removal capability. Since alum 
dosage was reduced, the results as expected show that polymer dosage required for inter-
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particle bridging lowered due to the reduction of the amount of alum hydroxide 
precipitates produced. But if the dosage of alum was reduced to a critical concentration, 
for example, alum dosage in combination 1 and 2, the further decrease in the polymer 
dosage could significantly affect the efficient of inter-particle bridging of polymer 
speeies, which was confirmed by the removal efficiencies obtained with combination 1. 
Because the results were based on the available quality of the raw wastewater samples 
during the experimental period, this expectation needs to be further examined using raw 
wastewater samples with a more wide range of SS concentrations and turbidity.
Table 4-18. Effect of dosage combinations on turbidity and SS removal. Values shown 
are average ± SD based on results presented in Table 4-16. Details of 
combination 1 - 4 are presented in Table 3-3.
Settling time 2 min 5 min
Initial turbidity 9 0 -1 2 0  NTU 8 0 -  150 NTU
Initial SS 105 -  138 mg/L 1 1 8 -3 2 9  mg/L
Combination # Turbidity removal SS removal Turbidity removal SS removal
% % % %
I 90.9 ± 3 .6 86.8 ± 12 94.8 ± 2 .2 94.4 ± 3 .0
2 98.0 ± 0.4 98.2 ± 1.1 98.2 ± 0 .8 99.2 ± 0.6
3 98.2 ± 0.4 98.1 ± 1.2 98.6 ± 0 .8 99.2 ± 0.6
4 98.0 ± 0 .2 98.1 ± 1.2 98.5 ± 0 .8 99.4 ± 0.3
Note: Average turbidity ± SD are presented in Figures 3 and 4 in Appendix C.
Studies on the eoagulant/eoagulant aid combination reported in literature were 
either using synthetie raw water, food industry wastewater or involving the combinations 
of different primary coagulants and different eoagulant aids (Prendiville and Chimg 1992, 
Aguilar et al. 2002). Although it has been reported that the use of an organic polymer as a 
coagulant aid can lower alum dosage and tends to reduce residual alum concentration, the 
results did not show further details (Prendiville and Chung 1992). The results obtained in 
the present study show that it seems there are an optimal dosage combination and a
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critical dosage range existing for both coagulant and coagulant aid for the treatment of a 
certain amount of suspended solids.
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5 Conclusion
The present study successfully demonstrated that a MC assisted coagulation- 
floeculation process using alum as primary coagulant and polymer (Clarifloc A-3330) as 
coagulant aid can be designed for the treatment of wet weather flows and CSOs to not 
only meet but exceed the regulatory requirements stipulated in the Ontario Ministry of 
Environment guidelines (PROCEDURE F-5-5).
Specifically, the results of study based on modified jar tests demonstrated that the 
coagulation-floeculation process with alum and Clarifloc addition was most effective in 
the removal of suspended solids and turbidity under the following conditions:
1) A rapid mix time of 30 -  50 sec with alum followed by 5 -  20 sec with the 
polymer under the same rapid intensity (a G value of 246 s'*).
2) A slow mix time of 1 -  10 min at a G value of 62 s'*.
3) Alum dosage of 11.3 -  16.2 mg Al '̂ /̂L and Clarifloc dosage of 1.0 -  1.5 mg/L.
Based on these results, a rapid mix time of 40 sec with alum and an additional 20
sec with Clarifloc at a G value of 246 s'*, followed by a slow mixing of 1 min at a G value 
of 62 s'* were developed as the operating conditions for the designed process. The best 
combination was found to be 14.6 mg AI^VL of alum and 1.5 mg/L of Clarifloc under the 
developed operating conditions and with a settling time of 8 min. Suspended solids and 
turbidity removal efficiencies in excess of 95% were achieved, which far exceeded the 
Ontario M inistry o f  Environment F-5-5 guideline requirement o f minimum 50% SS 
removal.
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The studies on the effeet of MC addition on the designed eoagulation-flocculation 
process using alum and Clarifloc revealed the followings:
1) The settleability of the suspended solids was enhanced with the increasing 
concentration of MC up to 3 g/L. Turbidity removal efficiency of more than 
98% was achieved with the addition of 3 g/L MC after 1 min of settling as 
compared to that after 5 min of settling without MC addition. No further 
improvements were found beyond 3 g/L MC addition.
2) With 8 min of settling, the addition of MC did not have any effect on the 
turbidity and SS removal.
3) Adding either MC with alum or MC with Clarifloc was not significantly 
different in terms of turbidity removal efficiencies and floe settling ability.
4) For the developed coagulation-floeculation process assisted with the MC 
concentration of 3 g/L, there were no significant differences found in terms of 
turbidity removal efficiencies obtained with MC as supplied, small size fraction 
of 75 -  150 pm and large size fraction of 150 -  250 pm derived from MC.
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6 Engineering Significance
Wet weather flows and combined sewer overflows are the last significant 
uncontrolled source of pollution that degrades water quality (Heaney et al. 1999). The 
CSO problem has been addressed in a number of different ways. High concentration of 
suspended solids in CSOs is one of the primary concerns of CSOs. One of the most 
practical and economical alternatives for treatment of CSOs is the using satellite 
treatment unit at location of CSOs. Satellite treatment facilities have been conceived the 
physical-chemical treatment process which can effectively remove suspended solids. 
Current Ontario regulations require 50% SS removal for treatment of CSOs. Sueh 
removal efficiency can be obtained with conventional primary sedimentation tank at 
loading rates of up to 100 mVm^.d (Metcalf and Eddy 2003). But the resulting size of tank 
in most situations is often unaeceptable due to variability of space and cost consideration. 
However, the same efficiency can he achieved in high-rate coagulation-floeculation 
processes at much higher loading rates by enhancing the settling of suspended solids 
through coagulation-floeculation or coagulation-floeculation assisted with the ballasting 
agent. Such high-rate treatment processes are very attractive for CSO treatment since the 
high loading rates allow for compact units which are much smaller in size and associated 
capital cost.
A high-rate coagulation-floeculation process for the treatment of CSOs was 
designed in the present study. The designed process employs metal salt as a primary 
coagulant in conjunction with the organic polymer as a coagulant aid to achieve the most 
effective removal of suspended solids discharged. As compared to the conventional 
coagulation-floeculation process, the process significantly enhances the treatment
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efficiency by means of shortening duration of the chemical reaction to less than 2 min. 
This will thereby lead to considerable reduction of the treatment facility scale as well as 
the capital investment requirement.
Further, the addition of MC in the developed process significantly enhanced the 
settleability of the floes due to the increase of their density and size, in which MC was 
added with the coagulant aid together so that MC was easily captured and bonded by the 
threads or fibres of polymer. Therefore, the contribution of MC in the floes accelerated 
the solids separation and resulted in the reduction of the settling time at least from 10 to 5 
min with an equivalent removal. Comparing the conventional expensive method of 
storing wet weather flows and CSOs in very larger detention tanks and transportation of 
the flows back to a WWTP for processing, the designed process in the present study could 
potentially be incorporated into a compact satellite system. Further, because the ability of 
the process can endure high hydraulie conditions, the flows could therefore be treated to 
meet the regulatory requirements and discharged directly to receiving water bodies. 
Although the addition of MC benefits the size of facility and/or reduction of the hydraulic 
detention time, using MC in the process will also cause the extra operational loading to 
deal with MC and thus increase the complexity of the process operation. Therefore, the 
designed process with the addition of MC and without need to be considered carefully on 
the site-specifie basis and case by case.
The preliminary results showed that the alum dosage selected for the process could
be reduced with the addition of polymer (in this case Clarifloc). This is expected to lead
to the reduction of the corresponding sludge volume generated by the addition of
coagulant and its related management cost. On the other hand, the decreased dosages of
alum and polymer may directly benefit the operational cost. The chemieal dosages and
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their maximum utilization for the coagulation-floeculation process will decrease the 
potential aquatic accumulation of the residual chemicals. But the feasibility need to be 
further evaluated over a wider range of water quality parameters.
The present study indicated that the designed process represents an efficient 
approach to not only meet but also exceed the removal regulation stipulated in the Ontario 
Ministry of Environment Guidelines (PROCEDURE F-5-5) for the treatment of Windsor 
CSOs. The process designed in the present study can also be used for the development of 
a similar process for the treatment of CSO in other municipalities.
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7 Recommendation
Based on the results of the present study, the following are the suggested 
recommendations for further research:
1) The performance of the process should be tested over a wider range of SS 
concentrations reported for wet weather flows and CSOs.
2) The effectiveness of the process in the removal of other contaminants 
present in the flows should he studied.
3) The process needs to be further examined using a column settling test 
approach and a pilot-scale continuant flow system to further evaluate the 
process performance and generate design criteria for a full-scale system.
4) Coagulation-floeculation process using a polymer as a coagulant aid has 
been employed to produce “bridging” floes. Due to the short retention time 
for flocculation (slow mixing), the possibility of combining rapid and slow 
mixing into a single stage should be examined.
5) The effect of alum and Clarifloc dosage on the residual accumulation in the 
treated wastewater should be examined.
6) The results of the effect of dosage combination on the process performance 
revealed that the designed alum dosage could be reduced due to the addition 
of Clarifloc as a coagulant aid. But this needs to be further examined using 
the flows over a wider range of SS concentrations and turbidity.
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Appendix A
4.1 Selection of the Primary Coagulants
30 -
1 2 3 4 5 6 7
Zetag 7822 dosage (mg/L)
-  Initial turbidity=80 NTU — A—  Initial turbidity=60 NTU 






1 2 3 4 5 6 7
-  Initial SS=153 mg/L 
■ X- - - Initial SS=98 mg/L
Zetag 7822 dosage (mg/L)
— A— Initial SS=IOI m^L
Figure 1. A) Residual turbidity and B) residual SS in the treated supernatant with addition 
of Zetag 7822 to different wastewater samples.
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2 3 4 5 6 71
Zetag 7873 dosage (mg/L)
- h —  Initial turbidity=60 NTU -  -  Initial turbidity=80 NTU




^  20 -
I 2 3 4 5 6 7
Zetag 7873 dosage (mg/L)
-A—  Initial SS=101 mg/L — ■ 
- X- - ■ ■ Initial SS= 157 mg/L -  -
• -  Initial SS=154 mg/L 
■ -  Initial SS=87 mg/L
Figure 2. A) Residual turbidity and B) residual SS in the treated supernatant with addition 
of Zetag 7873 to different wastewater samples.
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10 14 16 18 204 6 8 12
Alum dosage (mg a PVL)
■ X ■ - - Initial turbidity=94 NTU — ik—  Initial turbidity=80 NTU 
-  Initial turbidity=62 NTU
40
Alum dosage (mg Al /L)
■ X ■ ■ ■ SS=205 mg/L — ▲—  SS=128 mg/L SS=153mg/L
Figure 3. A) Residual turbidity and B) residual SS in the treated supernatant with addition 
of alum to different wastewater samples.
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20 30 40 50 60 70
Ferric chloride dosage (mg/L)
-A—  Initial turbidity=94 NTU -  -  Initial turbidity=81 NTU





20 30 40 50 60 70
Ferric chloride dosage (mg/L)
■ Initial SS=205 mg/L — ■—  Initial SS=154 mg/L
. . .  X- - - Initial SS=65 mg/L
Figure 4. A) Residual turbidity and B) residual SS in the treated supernatant with addition 
of ferric chloride to different wastewater samples.
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10 20 30 40 50 60 70 80 90
Alum rapid mixing time (sec)
-A—  Initial turbidity= 128 NTU - • ■ x- ■ • Initial trubidity= 126 NTU









10 30 50 70 90
Alum rapid mixing time (sec)
— —  Initial SS=122 mg/L . .  -x- - - Initial SS=141 mg/L
— ■“ -  Initial SS=143 mg/L
Figure 1. Effect of rapid mix time for alum on A) turbidity removal and B) SS removal.
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0 10 20 30 40 50 60 70 80 90
Alum rapid mixing time before Clarifloc added (sec)
■ Initial turbidity=88 NTU — ■—  Initial turbidity= 128 NTU




0 10 20 30 40 50 60 70 80 90
Alum rapid mixing time before Clarifloc added (sec)
— ■—  Initial SS=122 mg/L— A—  Initial SS=96 mg/L 
• • -X- • - Initial SS=112 mg/L
Figure 2. Effect of rapid mix time (before Clarifloc was added) for alum on A) turbidity 
removal and B) SS removal.
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0 10 20 30 40 50 60 70
Clarifloc rapid mixing time (sec)
-  - ♦  - -  Initial turbidity=55 NTU -  -  Initial turbidity=99 NTU






0 10 20 30 40 50 60 70
Clarifloc rapid mixing time (sec)
-  Initial SS=112 mg/L 
-A—  Initial SS=142 mg/L
— ■—  Initial SS=125 mg/L 
- - - X- • - Initial SS=142 mg/L
Figure 3. Effect of rapid mix time for Carifloc on A) turbidity removal and B) SS 
removal.
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-  -  -M-——
0
1 3 5 7 9
Slow mixing time (sec)
-X- - - Initial turbidity=131 NTU — ■—  Initial turbidity=133 NTU 











I 3 5 7 9 11
Slow mixing time (sec)
- - -X- - ■ Initial SS=165 mg/L — • -  -  Initial SS=169 mg/L — a—  Initial SS=115 mg/L
Figure 4. Effect of slow mix time on A) turbidity removal and B) SS removal.
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10 12 14 16 18 208
Dosage o f alum (mg AP’̂ /L)
-A—  Initial turbidity=49 NTU — • -  -  Initial turbidity= 114 NTU 






8 10 12 14 16 18 20
Dosage o f alum (mg Al̂ '̂ /L)
— A—  Initial SS=94 mg/L — ■- -  Initial SS=169 mg/L
- - - X- ■ - Initial SS=128 mg/L -  - ♦  - -  Initial SS=129 mg/L
Figure 5. Effect of alum dosage on A) tiorbidity removal and B) SS removal.
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0 0.5 1.5 2 2.5
Dosage o f Clarifloc (mg/L)
— A—  Initial turbidity= 138 NTU — ■—  Initial turbidity=70 NTU











0 0 .5 1 1.5 2 2 .5
Dosage o f Clarifloc (mg/L)
-A—  Initial SS=170 mg/L — ■- -  Initial SS=84 mg/L - - - - - -  Initial SS=117 mg/L
Figure 6. Effect of Clarifloc concentration on A) turbidity removal and B) SS removal 
(alum was added at dosage of 14.6 mg Al̂ " /̂L).
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Appendix C










60 1 2 3 4 5 7 8 9 10 11
Concentration o f MC (g/L)
• Initial turbidity= 53 NTU -  -  Initial turbidity= 90 NTU











0 1 2 3 4 65 7 8 9 10 11
Concentration o f MC (g/L)
-A—  Initial SS= 89 mg/L -  -  Initial SS= 132 mg/L ■ ■ - a- - - Initial SS= 157 mg/L
Figure 1. Effect of the concentration of MC. A) residual turbidity and B) residual SS in 
the treated supernatant with 8 min settling time.
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12.0
10.0 -





■  1 min □  2 min
□  3 min ® 5 min
0 1 3  5
Concentration o f MG (g/L)
Figure 2. Residual turbidity in the treated supernatant as function of adding 0, 1, 3, 5 g/L 
MC with the different settling. Values shown are average ± SD.
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combination 1
□  combination 2
□  combination 3
□  combination 4
Settling time (min)




-r ■  combination 1
□  combination 2
□  combination 3
□  combination 4
^  20
Settling time (min)
Figure 4. Residual SS obtained with different combinations at 2 and 5 min settling time.
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Appendix D
The Calculation of the G Value and Pertinent Coefficients
The concept of velocity gradient (G value) is of significant importance to the 
coagulation-flocculation process. For more information on how to determine G value, 
please refer to Cornwall and Bishop (1983) and Fair et al. (1968). One of G value 
calculation process using in the present study was specified as following:
2 mm
25 m il
Figure 1. Schematic of the dimension of flat stirring paddle and Gator jar.
Step 1. Pertinent coefficients
Assuming wastewater temperature at 20“C, basic parameters are listed as following: 
Viscosity p = 1.002 x 10'  ̂N.S/m^
Density p = lOOOkg/m^
Radius roi = 0.038m, pi =0 
Width hi = 0.025m, bz = 0.032m 
Water volume V = l.OL = O.OOlm^
Drag coefficient K = 0.25
Step 2. G value caleulation at N = 150 rpm
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■ Power imparted to water at rapid mixing stage.
P ^  (1.44 X 10-^ ) x C  o X p  x b x [ N  x { l  -  k ) J  x{r^\ -  )
=  ( 1 . 4 4  X 1 0 “^ ) x  X p  X (6j X b j x  [ l5 0  x  ( l -  x  0 . 0 3 8  ^
Using two pairs of paddles, ?o= Px2 = 0.0604W
■ Velocity Gradient:
, . , 0.0604 wG
150 rpn, M  O . O O l m ^  x l . 0 0 2  x l Q - ^ N . S / m ^
G i50 rpm “  245.6
Step 3. The same procedure as step 2 to get power imparted to water at 60 rpm slow 
mixing stage:
F = ( 1 .44 X 10 ■ ') X X p  X (6 , X b ^ ) ^  [60 x (l -  )J  x 0.038 '
Using two pairs of paddles, Po= Px2 = 0.00387W 
■ Velocity Gradient:
, F I 0.00387 wCr,
\ F x v  VO.OOl m ' X 1.002 x 10 “'
Geo rpm ~ 62.1
Step 4. Through the same method, G value can be obtained at varied temperature 
combined with corresponding viscosity and specific gravity. Calculated G value results as 
a function of the varied temperature in Celsius degree were shown in Figure 2.
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Figure 2. Relationship between the velocity gradient (G) and the mix rate in 1 L modified 
jar test.
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